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ABSTRACT
Evolution of extreme continental saline environments:
a sedimentological investigation of
Permo-Triassic redbeds and evaporites in Northern Ireland and Kansas
Anna Sofia Andeskie
The Permo-Triassic was a time of extreme environments, unusually warm and arid
climates, and biotic crises. This study investigates Pangean environments and climate leading to
extreme acid saline lake systems represented by the Permian Nippewalla Group of Kansas and the
Triassic Mercia Mudstone Group of Northern Ireland. Sedimentological observations of the
underlying rocks, the Permian Hutchinson Salt Member of Kansas and the Permian Belfast
Harbour Evaporite Formation of Northern Ireland, help to understand trends in environmental and
climatic conditions leading to these extreme environments. This dissertation also refines the
geographic extent of extreme acid saline lake and groundwater systems through the study of the
Triassic Mercia Mudstone Group of Northern Ireland.
The second chapter, entitled “Using sedimentology to address the marine or continental
origin of the Permian Hutchinson Salt Member of Kansas”, was published in the journal
Sedimentology. This paper addressed the controversy about whether the Hutchinson Salt Member
was deposited by a marine or continental environment and is the first comprehensive
sedimentological study of the Hutchinson Salt Member. The Hutchinson Salt Member is
composed of bedded halite, siliciclastic
mudstone,
displacive
halite,
bedded
gypsum/anhydrite, and displacive gypsum/anhydrite. It formed in ephemeral saline lakes and
adjacent wet and dry mudflats.
The third chapter, “A missing link in mid-late Permian record of northeastern Pangea: a
sedimentological evaluation of the Permian Belfast Harbour Evaporite Formation of County
Antrim, Northern Ireland”, will be submitted to the journal Palaeogeography,
Palaeoclimatology, Palaeoecology. This is the first publication to document the sedimentology
of the Permian Belfast Harbour Evaporite Formation, with the goal of interpreting depositional
environment and climate. The Belfast Harbour Evaporite Formation is dominated by bedded
halite, with some siliciclastic mudstone and bedded anhydrite, and formed in a neutral ephemeral
saline lake system in an arid climate.
The fourth chapter is entitled “Is detailed correlation feasible in continental
evaporite systems? An example from the Triassic Mercia Mudstone Group of County Antrim,
Northern Ireland” and will be submitted to the Journal of Sedimentary Research. This
manuscript is the first publication that compares detailed stratigraphic relationships of evaporite
and red beds from two nearby, high-recovery cores. It suggests localized and abundant acid
saline lakes existed in equatorial – subequatorial Pangea.
Collectively, these chapters refine Permo-Triassic depositional environments and
climates. There is a trend of shallow neutral saline lake systems, represented by the Permian
Hutchinson Salt Member and the Permian Belfast Harbour Evaporite Formation, preceding
extreme acid saline lake systems, represented by the Permian Nippewalla Group and the Triassic
Mercia Mudstone Group. This dissertation provides evidence that extreme acid saline lakes
systems of Pangea formed after a long period of continental weathering and erosion in an
increasingly arid climate.
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CHAPTER 1: INTRODUCTION
Research Question
Ancient evaporites, such as halite and gypsum, have been an important resource
throughout human time. A Roman monk once said, "Mankind can live without gold, but not
without salt." The human record is closely intertwined with the use of ancient salt; however, the
history of some ancient salt units is still unknown. This dissertation is focused on unraveling
ancient salt and siliciclastic depositional environments, paleoclimates, and diagenetic history,
especially in regards to extreme saline lake systems.
The rock units studied within this dissertation are stratigraphically associated with
evaporites and red beds deposited in extreme saline lake systems that existed during the middle
Permian to early Triassic in Pangea. In this text, the term “extreme” means saline lake systems
that contained acidic (pH < 3) saline lake and groundwaters in a warm, windy, and arid climate
in a fairly barren continental environment. Extreme acid saline deposits are known from the
Permian Nippewalla Group of Kansas, the Permian Opeche Shale of North Dakota, and the
Triassic Mercia Mudstone Group of Northern Ireland (Fig. 1). Evidence of low pH lake water
and groundwater (some as low as -1 pH) has been documented by presence of bisulfate peaks
and high Al, Si, and Fe, and unusual freezing-melting behavior in primary fluid inclusions in
bedded halite, as well as paucity of alkalinity indicators such as carbonates (Benison et al., 1998;
Benison and Goldstein 2000, 2001; Benison, 2013; Eichenlaub, 2016; Andeskie et al., 2018). In
addition, arid climate has been suggested by pervasive halite and gypsum as beds, displacive
crystals, and early cements, and high air temperatures have been documented by fluid inclusion
homogenization temperatures (Zambito and Benison, 2013). How did these extreme lake and
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groundwater systems form? How geographically extensive were they in Pangea? How long did
they exist?
This dissertation aims to address the geological evolution, geographic extent, and
longevity of Permo-Triassic extreme acid saline lake and groundwater systems by: (1)
investigating two evaporite deposits underlying two known acid saline systems, the Permian
Hutchinson Salt Member of Kansas (underlying the Nippewalla Group) and the Permian Belfast
Harbour Evaporite Formation of Northern Ireland (underlying the Mercia Mudstone Group); and
(2) refining details about acid saline depositional environments of Northern Ireland with an
extension of my Master’s thesis study of the Triassic Mercia Mudstone Group (Andeskie et al.,
2018). Unraveling the history of the lower evaporite units, as well as the spatial extent of the
evaporite units, may help understand how these extreme acid saline lake and groundwater
systems evolved (Fig. 2). These units represent a knowledge gap within the rock record. Results
of this dissertation may provide clues to the interrelationships of weathering, climate, and waterrock interaction on supercontinents. In addition, it may help contextualize the continental
environmental conditions that led to the end Permian biotic crisis.

Scientific and Societal Significance
Extreme acid saline lake systems were prevalent on Pangea, however, there is little
research on environmental and climatic conditions that led to their formation. This knowledge
gap is located in the underlying stratigraphic units, the Permian Hutchinson Salt Member and the
Permian Belfast Harbour Evaporite Formation. These two evaporite units are each over 100 m
thick; however, they have been relatively understudied. This dissertation is the first
sedimentological study completed on the Permian Hutchinson Salt Member of Kansas in over 50
2

years, as well as the first study focused on the complete thickness of the member. This
dissertation also contains the first sedimentological and stratigraphic study of the Permian
Belfast Harbour Evaporite Formation of Northern Ireland. Observing these two rock units and
interpreting the depositional environments and climates will provide more information regarding
the evolution of extreme acid saline lake systems.
The rocks studied within this dissertation may represent the formation of geochemical
end members of the continental evaporite world. Studies focused on the depositional
environments may reveal the physical, chemical, biological, and atmospheric processes that may
have led to these geochemical end members. On a greater scale, these geochemical end members
may have had an effect on the end-Permian biotic crisis (Benison et al., 1998; Benison and
Goldstein, 1999, 2000, 2001; Sweet et al., 2013; Foster et al., 2014; Zambito and Benison, 2013;
Andeskie et al., 2018). These rocks may also be used to help us learn more about environmental
response to climate change. Due to deposition in arid, warm climates with high atmospheric
carbon dioxide, evolution from saline neutral lake systems to acid saline lake systems may serve
as ancient analogs to some environmental trends resulting from modern to near future climate
change (i.e., Cohen et al., 2009).
The lithologies observed in this study, such as halite and gypsum, are also commonly
used in industry. Due to the low porosity of halite, these lithologies are used to hold natural gas,
carbon, and nuclear waste. The rock formations and groups observed within my dissertation were
cored with this intent. Typical well logs and general core descriptions are limited in usefulness,
commonly describing units at a meter-scale resolution and assuming homogeneity of the
lithologies. The chapters within this dissertation highlight the need for sedimentological studies
of evaporites to be completed at centimeter-scale resolution. Observing these lithologies in such
3

detail provides observations of grain and crystal textures and sedimentary structures necessary to
form meaningful interpretations from halite and gypsum. With such detailed sedimentological
observations, a wealth of ancient data about environmental and climatic conditions can be read
from evaporites.

Organization of this dissertation
This dissertation is composed of an introduction, three body chapters that serve as
manuscripts for publication, a conclusion, and appendices. The chapters are entitled:
• Using sedimentology to address the marine or continental origin of the Permian
Hutchinson Salt Member of Kansas
• A missing link in mid-late Permian record of northeastern Pangea: a sedimentological
evaluation of the Permian Belfast Harbour Evaporite Formation of County Antrim,
Northern Ireland
• Is detailed correlation feasible in continental evaporite systems? An example from the
Triassic Mercia Mudstone Group of County Antrim, Northern Ireland
The second chapter of my dissertation is entitled “Using sedimentology to address the
marine or continental origin of the Permian Hutchinson Salt Member of Kansas”. This paper
addresses the marine verse continental controversy of the Hutchinson Salt Member. This paper
observed color, mineralogy, sedimentary textures, sedimentary structures, diagenetic features,
and stratigraphic contacts in both core slab and thin section of the Permian Hutchinson Salt
Member to interpret the depositional environment. The Hutchinson Salt Member is composed of
bedded halite, siliciclastic mudstone, displacive halite, bedded gypsum/anhydrite, and displacive
4

gypsum/anhydrite. These lithologies formed in ephemeral surface brines and mudflats that
underwent periods of flooding, evapoconcentration, and desiccation. Due to the paucity of
carbonates, lack of marine-diagnostic fossils, and absence of characteristic marine minerals and
lithologies, in addition to the stratigraphic context, we interpret that the Hutchinson Salt Member
formed in a continental setting. This chapter is published in the journal Sedimentology (Andeskie
and Benison, 2020).
The third chapter of my dissertation is entitled “A missing link in mid-late Permian
record of northeastern Pangea: a sedimentological evaluation of the Permian Belfast Harbour
Evaporite Formation of County Antrim, Northern Ireland”. The goal of this paper is to complete
the first sedimentological study of the Permian Belfast Harbour Evaporite Formation and to
interpret depositional environment, paleoclimate, and diagenetic history. This formation is
dominated by bedded halite, and contains some siliciclastic mudstone and bedded anhydrite. It is
cross-cut by intrusive igneous rocks. Based on the sedimentary characteristics, and supported by
geochemical evidence, we interpret that the Permian Belfast Harbour Evaporite Formation was
deposited by ephemeral neutral saline lakes with associated mudflats. The projected journal for
publication is Palaeogeography, Palaeoclimatology, and Palaeoecology.
The fourth chapter of my dissertation is entitled “Is detailed correlation feasible in
continental evaporite systems? An example from the Triassic Mercia Mudstone Group of County
Antrim, Northern Ireland”. The study has three goals: 1) interpret the depositional environments
and diagenetic history of the Triassic Mercia Mudstone Group in the Gaelectric Carnduff-01
core; 2) compare the detailed sedimentology and stratigraphy of the Carnduff-01 core with that
of the Gaelectric Carnduff-02 core (Andeskie et al., 2018); and 3) use the observations from the
two cores to investigate the spatial and temporal extent of the depositional environments and
5

diagenetic history of the Mercia Mudstone Group. The Triassic Mercia Mudstone Group in the
Gaelectric Carnduff-01 core is 579.2 m thick and composed of mudstone, bedded gypsum,
displacive halite, and bedded halite. This group likely formed in a shallow, perennial saline lake
system associated with saline mudflats, dry mudflats, and desert soils. We were able to correlate
major shifts in lithology, such as the evaporite- and mudstone-sequences, between the two cores.
However, the spatial and temporal correlation at cm-scale is not feasible. It is not possible to
trace one bed, regardless of lithology, from one core to another. The projected journal for
publication is the Journal of Sedimentology.
Collectively, these chapters refine Pangean depositional environments and climates at
these locations and shed light on the environmental transition from neutral saline lake systems to
acidic saline lake systems. This dissertation provides evidence that the evolution of an acid saline
system is formed through a long period of pre-existing continental evaporite deposition in an arid
climate.

6
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Figure 1: Map of Pangea during the Triassic. Blue star indicates location of modern-day
Kansas. Yellow star indicates location of modern-day Northern Ireland. Highlighted
topographic feature is the Appalachian Mountains. (Modified from Colorado Plateau
Geosystems, 2016)
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Figure 2: Generalized stratigraphic columns of the Permo-Triassic stratigraphy in
Northern Ireland and Kansas highlighting the trend of clean evaporites with little
siliciclastics grading into muddy evaporites associated with red siliciclastics deposited in
an acid saline lake system. Modified from Buckman et al., 1998; Miller and West, 1998;
Benison and Goldstein, 2001; Benton et al., 2002; Benison et al., 2012; Giles et al.,
2013; Andeskie et al., 2018.
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CHAPTER 2: Using sedimentology to address the marine or continental dilemma of the
Permian Hutchinson Salt Member of Kansas
Authors: Anna Sofia Andeskie (asandeskie@mix.wvu.edu) and Kathleen C. Benison
(kathleen.benison@mail.wvu.edu)
Corresponding author: Anna Sofia Andeskie
Journal of publication: Sedimentology
Present Address: Department of Geology and Geography, West Virginia University,
Morgantown, West Virginia, 26506-6300, U.S.A.
Associate Editor: Hairuo Qing
Running title: Hutchinson Salt of Kansas: marine or continental?
Citation: Andeskie, A.S. and Benison, K.C., 2020, Using sedimentology to address the
marine or continental dilemma of the Permian Hutchinson Salt Member of Kansas:
Sedimentology, v. 67, i. 2, p. 882-896, doi: 10.1111/sed.12665

______________________________________________________________________________

ABSTRACT
The Permian Hutchinson Salt Member of the Wellington Formation of the Sumner Group of
Kansas has multiple scientific and industrial uses. Although this member is highly utilized, there
has not been a sedimentological study on these rocks in over 50 years, and no study has
investigated the full thickness of this member. Past publications have inferred a marine origin as
the depositional environment. Here, this marine interpretation is challenged. The goals of this
study are to fully document sedimentological and stratigraphic characteristics of the Permian
Hutchinson Salt Member in the Atomic Energy Commission Test Hole 2 core from Rice County,
Kansas. This study documents colour, mineralogy, sedimentary textures, sedimentary structures,
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diagenetic features and stratigraphic contacts in core slab and thin sections. The Hutchinson Salt
Member is composed of five lithologies: bedded halite, siliciclastic mudstone, displacive halite,
bedded gypsum/anhydrite and displacive gypsum/anhydrite. These lithologies formed in shallow
surface brines and mudflats that underwent periods of flooding, evapoconcentration, and
desiccation. Of note are the paucity of carbonates, lack of marine-diagnostic fossils, absence of
characteristic marine minerals and lithofacies, and the stratigraphic context of the Hutchinson
with associated continental deposits. The Hutchinson Salt Member was most likely deposited in
an arid continental setting. This new interpretation offers a refined view of Pangaea during the
middle Permian time.

Keywords: bedded halite, continental, evaporites, Hutchinson Salt, Kansas, Permian.

______________________________________________________________________________

INTRODUCTION
The 110 m thick Permian Hutchinson Salt Member of Kansas has multiple significant
industrial uses, ranging from mined salt, solution-mined storage caverns for liquid petroleum
gas, commercial underground storage for humidity-sensitive items and marker beds for
petroleum studies (Schulmeister et al., 2019). This salt has also been used to determine Permian
sea water composition (Holser, 1966; Claypool et al., 1980; Horita et al., 1991; Lowenstein et al.,
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2005); however, this interpretation is controversial due to remaining questions about its
depositional origin. The Hutchinson Salt Member was initially proposed as a marine deposit in
the 1960’s (Tasch, 1960; Dellwig. 1963, 1968; Jones, 1965). Since these initial studies in the
1960’s, evaporite sedimentology has made great strides in scientific understanding through the
concept of comparative sedimentology (i.e., Lowenstein and Hardie, 1985). In addition, the
challenge of distinguishing among marine, marginal marine and continental evaporite deposits
has been addressed by Hardie (1984) and Smoot and Lowenstein (1991). This new knowledge
needs to be applied to the Hutchinson Salt to evaluate the depositional history of this well-known
evaporite deposit.
Halite deposits can contain specific proxies for past environments, past climate and past
life. For example, Schubel and Lowenstein (1997) used comparative sedimentology to develop
criteria to recognize ancient shallow-perennial-saline-lake halites. Lowenstein et al. (1999)
determined palaeoclimatic history of Death Valley for the past 200 k.y. from a core of halite and
siliciclastics. Fluid inclusions in halite have yielded past surface water and air temperatures (i.e.,
Roberts and Spencer, 1995; Benison and Goldstein, 1999), as well as past atmospheric
composition (Blamey et al., 2016). In addition, microorganisms and organic compounds have
been documented in fluid inclusions in halite (i.e., Lowenstein et al., 2011). The Hutchison Salt
Member most likely contains such proxies for a critical time in Earth history. It also has
implications for Permian palaeogeography. However, the depositional conditions which provide
the foundation for studies of past environments, past climate and past life are not yet fully
understood for the Hutchinson Salt.
The goals of this study are to complete detailed sedimentological and stratigraphic
analyses of the Permian Hutchinson Salt Member in the Atomic Energy Commission (AEC) Test
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Hole 2 core from Rice County, Kansas. This study documents colour, mineralogy, sedimentary
textures, sedimentary structures, diagenetic features and bedding contacts on a variety of scales
including core slab, thick section and thin section. These observations are used to interpret the
depositional environment and diagenetic history. This study of physical features, along with
mineralogical and geochemical characteristics, can be used to reevaluate and test the standing
depositional environment interpretation of the Hutchinson Salt Member.

BACKGROUND
Although the Hutchinson Salt is a well-known stratigraphic unit, few sedimentological
studies of it have been completed. The only sedimentological or palaeontological descriptions
were published in the 1960’s (Tasch, 1960; Dellwig. 1963, 1968; Jones, 1965).
Tasch (1960) observed parts of the Hutchinson Salt in mine wall samples. In this study,
large blocks of mine salt were dissolved and examined the residual shale for fossils. In addition
to bacteria and wood fragments, the presence of a single ostracod valve and a red-coloured
polygonal-structured object, which was tentatively described as either a fragment of a brackish
water bryozoan or a fragment of a marine coral were noted. Based on this evidence, Tasch
(1960) construed that the shale was from a nearby open sea and that the salt was likely from a
saline inland basin surrounded by swamps. However, there are potential problems with the
interpretations of this study. Ostracods are known from both marine and continental waters. The
single ostracod fragment could have been carried by wind into the system. Therefore, Tasch’s
(1960) observation of a single ostracod fragment provides no diagnostic evidence for
depositional environment. In addition, the tentative recognition of one partial fossil as either a
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bryozoan or marine coral, is not strong evidence of a marine setting. The wood fragments
observed by Tasch (1960) would have originated in a continental or marginal marine setting, but
could have been transported into a shallow marine environment. In summary, none of these fossil
identifications are diagnostic of depositional environment.
Dellwig published two papers (Dellwig, 1963, 1968) that were a part of one larger study
that included the most detailed sedimentological description completed on the Hutchinson Salt
until now. He observed samples from salt mine walls, which represent only part of the member,
and identified the dominant lithologies as randomly oriented hoppers (cumulates), bottomgrowth halite, clay and anhydrite (Dellwig, 1963,1968). He also observed mudcracks, ripple
marks, red salt and polygonal shapes. From these sedimentary observations, Dellwig (1963)
interpreted the depositional setting as a shallow brine with periodic subaerial exposure and
occasional addition of brine to the basin. Dellwig (1968) completed chemical analysis on the red
salt and noted that it is composed of 23% ferric iron. He considered this red colouration to be
ferric iron precipitated by microbial action due to bacteria and other organic forms present in the
red halite. There were no potassium minerals identified throughout the entire Hutchinson Salt
(Dellwig, 1963,1968).
Jones (1965) completed a sedimentological study of the Hutchinson Salt on the 94.7 m
thick Hutchinson Naval Air Station core. This core was drilled in May, 1958 in Reno County,
Kansas. He reported possible remains of blue-green algae, Permophorus-like pelecypods, and
siliceous foraminifera (Serpulopsis), and claimed a restricted marine environment (Jones, 1965).
However, this marine depositional environment interpretation is skeptical because these
suspected fossils, major ion ratios, bromide concentration, and sulphur and oxygen isotopes can
be found in a range of marine and continental settings.

13

Since the 1960’s, multiple studies have accepted the tentative marine interpretation for
the Hutchinson Salt and have used geochemical analyses to evaluate Permian sea water
composition. Fluid inclusions in the Hutchinson Salt contain Cl-Na-Mg-K-SO4 brines (note
elements listed by abundance; Horita et al., 1991; Lowenstein et al., 2005). Holser (1966)
reported 30 to 60 ppm Br and Horita et al. (1991) measured 29.2 to 60.4 ppm Br in 15 fluid
inclusions in Hutchinson Salt halite. Anhydrite in the Hutchinson Salt has ∂34S of +12.2 to 13.5
‰ (Claypool et al., 1980). Some of these studies analyzed isolated or secondary fluid inclusions,
which do not represent depositional waters, and some represent whole rock analyses, and,
therefore, may contain geochemical data from more than one mineral. These limitations in
geochemical analyses cast some skepticism about some of the interpretations. Regardless, none
of the geochemical signatures is diagnostic of marine brines. Some modern saline lakes have an
overlapping range of these compositions.
There has yet to be a comprehensive modern sedimentological study of the complete
thickness of the Hutchinson Salt Member. Previous publications relied on partial cores or salt
mine walls that did not include the complete stratigraphic thickness of the member, or relied on
geochemical analyses without a full stratigraphic or sedimentological context. Here, the standing
marine-interpretation is challenged based on the paucity of stratigraphic and sedimentological
observations needed for interpretation of depositional environments and because previous
geochemical data is possible in both marine and continental saline systems. There is no
independent and diagnostic evidence of marine deposition. A detailed sedimentological study of
this famous salt in core is overdue, and is necessary before geochemical proxies for past
environments, past climate and past life can be evaluated.
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STRATIGRAPHIC CONTEXT
The Hutchinson Salt Member of the Wellington Formation is part of the Sumner Group
(Fig. 1; Zeller, 1968; Watney et al., 1988; West et al., 2010). Directly below the Sumner Group
lies the 104 m thick Wolfcampian Chase Group. The contact of the Chase Group and Sumner
Group defines the Wolfcampian-Leonardian boundary (West et al., 2010). The Chase Group is
composed of the Wreford Limestone, Matfield Shale, Barneston Limestone, Doyle Shale,
Winfield Limestone, Odell Shale and Nolans Limestone (West et al., 2010). The Chase Group is
dominated by grey fossiliferous shale, non-fossiliferous shale and grey/yellow limestone. The
Chase Group rocks were likely deposited in alternating marine and continental environments
(e.g. Miller et al., 1996).
The Leonardian Sumner Group (~275 m thick) is composed of three formations: the 214
m thick Wellington Formation, the 91 to 137 m thick Ninnescah Shale and the 2 to 30 m thick
Stone Corral Formation (Zeller, 1968; West et al., 2010). The Wellington Formation contains six
members, from the base: an unnamed member, the Hollenberg Limestone, a second unnamed
member, the Carlton Limestone, the Hutchinson Salt and the Milan Limestone. The Hutchinson
Salt Member composes approximately 110 m, or approximately one-third, of the group in the
subsurface. There are few publications on the other members of the Wellington Formation due to
the thinness and/or the lateral discontinuity of these rocks. Giles et al. (2013) studied the Midco
and Otoe members of the Wellington Formation in northern Oklahoma, which are equivalents of
the Carlton Limestone and shale underlying the Hutchinson Salt in Kansas, and interpreted as
continental deposits, including palaeosols and lakes. It is also important to note that the Sr87/Sr86
ratios are inconsistent with Permian marine signatures (Giles et al., 2013). The Ninnescah is a
red, siliciclastic shale and the Stone Corral is composed mostly of bedded gypsum/anhydrite.
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Both the Ninnescah and Stone Corral formations have been interpreted as continental deposits
(Watney et al., 1988; West et al., 2010).
The rocks stratigraphically below and above the Hutchinson Salt provide few fossil clues
to their past depositional environments. The underlying Carlton Limestone Member contains
plant fossils and the insect fossil, Mecopteroid panorpida (Beckemeyer and Hall, 2007). The
Carlton-equivalent Midco Member of the Wellington Formation, in northern Oklahoma, contains
rare fossils. One fossil type was identified as conchostracans, a clam-shrimp considered
continental (Giles et al., 2013). In the overlying Milan Limestone Member, Norton (1939)
reported brine shrimp fossils, Estheria, in its the highest bed (Norton, 1939). This interpretation
may not be accurate since brine shrimp are not identifiable in hand sample and there are no
photomicrographs present in this publication. However, there are no supplemental studies to
confirm Norton’s (1939) interpretation. In summary, members of the Wellington Formation
stratigraphically below and above the Hutchinson Salt both contain few fossils, one of which is
diagnostic of a continental system.
The Sumner Group is overlain by the continental deposits of the Leondardian Nippewalla
Group and the Guadalupian Quartermaster Group. The Nippewalla Group is ~150 to 240 m thick
and composed of the Harper Sandstone, Salt Plain Formation, Cedar Hills Sandstone, Flowerpot
Shale, Blaine Formation and Dog Creek Formation (Zeller et al., 1968; Benison and Goldstein,
2001; Benison et al., 2013). The Nippewalla Group consists of bedded halite, bedded
gypsum/anhydrite, displacive halite and red siliciclastics. It has been interpreted as perennial and
ephemeral acid saline lake deposits, palaeosols, mudflats and aeolian dunes (Benison and
Goldstein, 2001). Furthermore, some fluid inclusions in Nippewalla Group bedded halites
indicate extremely low pH (less than 1) saline lake water (Benison et al., 1998). The
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Quartermaster Group, the youngest Permian rock in Kansas, is composed of red beds and bedded
gypsum/anhydrite of the Whitehorse Formation, Day Creek Dolomite and Big Basin Formation
(West et al., 2010; Benison et al., 2013).
It is important to note that the Leonardian-Guadalupian rocks of Kansas, the Sumner,
Nippewalla and Quartermaster Groups, pose some challenges in their study. Because they
contain evaporites, including halite, thicknesses and sedimentological descriptions are best
represented in the subsurface; in outcrops, halite has been dissolved and only casts, moulds and
pseudomorphs attest to depositional halite (Benison et al., 2015). However, high recovery cores
of evaporites are rare. For this reason, most descriptions of the non-evaporite rock units are
based on outcrops and the evaporite units, particularly halite, are best known from cores.
Because many of these siliciclastic rocks contain intergranular halite cement and displacive
halite crystals, late-stage dissolution near the surface results in outcrops in which the siliciclastics
have not retained sedimentary structures well (Benison et al., 2015). Furthermore, the name
“dolomite” has been mistakenly attributed to some gypsum/anhydrite units, presumably because
they have a light grey, blocky appearance in outcrop and do not react with HCl. These
challenges in the study of mixed evaporite-siliciclastic rocks supports the importance of detailed
sedimentological study of the Hutchinson Salt in core.

APPROACH AND METHODS
The Hutchinson Salt Member can be observed in core and salt mines. The majority of
past studies were completed on salt mine walls. Salt mines provide easy access to the rocks;
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however, they only expose portions of the Hutchinson Salt Member. Some cores allow the
thickness of the Hutchinson Salt to be observed in its’ entirety. Although the Hutchinson Salt
was observed in walls of the Strataca Mine (old Carey Mine) in Hutchinson, Kansas throughout
this research, this study focuses on the Atomic Energy Commission (AEC) Test Hole 2 core. In
October of 1970, this core was drilled to a total depth of 370.5 m in Rice County, Kansas (Fig.
2). The Hutchinson Salt was identified from 225.5 to 335.2 m. The purpose in drilling this core
was to investigate the Hutchinson Salt as a possible repository for radioactive waste. The core
was drilled with a salt-saturated brine and low-water-loss starch mud. The diameter of this core
is 10 cm. The core is stored in large, wooden boxes at the Kansas Geological Survey (KGS) in
Lawrence, Kansas.
As part of an attempt to archive the core, previous to this study, it was slabbed and the
two halves were placed in separate boxes in separate parts of the core repository. One half of the
core was maintained in its original wooden boxes with bottom and top core section depths
labelled in each sample box. The second half was split vertically a second time and the resulting
vertical quarter samples were combined into smaller cardboard boxes; in this process, the order
by depth of the quarter slabs were not maintained; making it difficult to confirm stratigraphic
orientation for individual core quarters. For this study, the core half slabs in the original wooden
boxes were used. Each box contained 4.2 m (14 ft) of core. A measured section based on each
box of core (~4.2 m/unit) was created. The measured section focused on colour, mineralogy,
sedimentary textures, sedimentary structures, diagenetic features, contacts and any fossils
present. Photos of the core were taken at the KGS. Colour of dry core slabs were determined
using a Munsell Soil Chart.
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Samples of representative lithologies were slabbed using limited water flow on a wet tile
saw at KGS. Approximately 80 core samples were mailed to West Virginia University. Both thin
and thick sections were used for petrography. Samples of six mudstone slabs were mailed to
Spectrum Petrographics, Inc. (Vancouver, WA, USA) for large-format thin section prepared with
minimal use of water or heat. Approximately seven, polished, thick (1 cm or less) bedded halite
slabs were also used for microscopy. Bedded halite chips (~1 mm thick) were sliced from the
core slab using a razor blade. The chips were hand polished with various sandpapers and used for
fluid inclusion petrography. Petrographic observations were completed using an Olympus BX53
microscope (6.3 to 63x magnification) and an Olympus SZX10 microscope (20 to 2000x
magnification) (Olympus Corporation, Tokyo, Japan). Both microscopes are equipped with
transmitted, reflective and polarized light sources. A digital camera and SPOT5 digital imaging
system were used for photomicrographs of thick sections, thin sections and fluid inclusions.
Mineral identifications were made by XRD, as well as petrographic examination. Select
samples of bedded halite and mudstone were crushed by mortar and pestle for x-ray diffraction
(XRD) analyses. XRD was conducted on three samples of bedded halite (whole rock analyses)
and three samples of mudstone (whole rock and detailed clay analyses) by K-T Geoservices, Inc.
(Gunnison, CO, USA) The entire Hutchinson Salt was tested for carbonates by the application of
HCl and for salt minerals by taste.
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OBSERVATIONS
The Hutchinson Salt Member is composed of five lithologies (in order from most to least
abundant): bedded halite, siliciclastic mudstone, displacive halite, bedded gypsum/anhydrite and
displacive gypsum/anhydrite. A graphic display of the Hutchinson Salt Member in the AEC-2
core is provided in a stratigraphic column (Fig. 3). The entire Hutchinson Salt Member was
tested with HCl (both with and without powdering) and no reactions were observed. XRD
analyses did not detect any carbonates. No identifiable fossils were observed, either in hand
sample or thin section. Detailed sedimentological observations of lithologies are included in the
following sections.

Bedded halite
Bedded halite is composed of individual halite laminations varying from 0.5 to 1 cm
thick (Fig. 4A and B). Most of this lithology ranges in colour from dark grey to light grey
(GLEY1 2/5N; 5Y 5/1; GLEY1 5/N; Fig. 4A). However, rare units of bedded halite are pink due
to various clast sizes of reddish mud (2.5YR 4/6). Three samples of mud-free bedded halite were
used for bulk XRD analyses: (i) the lower unit (294 m) contains 99.6% halite, 0.2% anhydrite
and 0.2% quartz; (ii) the middle unit (270 m) contains 99.5% halite, 0.3% anhydrite and 0.2%
quartz; and (iii) the upper unit (242 m) consists of 91.2% halite, 8.6% anhydrite and 0.2% quartz.
Overall, the bedded halite lithology is dominantly composed of halite, with rare
gypsum/anhydrite and quartz.
There are two types of halite crystals within the bedded halite lithology: (i) bottomgrowth halite; and (ii) cumulate halite. Bedded bottom-growth halite commonly contains growth
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bands of primary fluid inclusions arranged in cm-scale, upward-oriented chevron halite crystals.
(Fig. 4C to F). Some secondary fluid inclusions cross-cut primary inclusion assemblages. The
primary fluid inclusions contain trapped brine, gypsum daughter crystals, rare vapour bubbles,
rare suspect microorganisms and pollen (Fig. 4F). In contrast, bedded cumulate halite is observed
as beds of mm-scale, randomly oriented, cubic halite crystals. Primary fluid inclusions were also
observed in cumulate halite crystals. Most halite beds only contain bottom-growth halite. Some
beds contain bottom-growth halite and cumulate halite. There are no documented beds consisting
solely of cumulate halite crystals. Some bedded halite units contain clear, halite cement-filled
vugs that crosscut growth bands of primary fluid inclusions (Fig. 4C). Commonly, these bedded
halite units also contain white (GLEY1 7/N), thin laminations of microcrystalline halite that
drape over underlying crystals of cumulates and/or chevrons (Fig. 4C).

Siliciclastic mudstone
Siliciclastic mudstone lithologies consist of clay-sized to silt-sized grains in multiple
colours including black, tannish-brown, grey and white (GLEY1 N/4, GLEY1 N/7, GLEY1 N/8,
GLEY1 2.5/N, GLEY1 7/N, 5Y 7/1; Fig. 5A to D). Thicker beds of mudstone are grey and
black, whereas white mudstone tends to be thin laminae. A variety of sedimentary features can
be identified within the mudstone, such as intraclasts, climbing ripple cross bedding, low-angle
ripple cross bedding, soft sediment deformation, wavy discontinuous lamina, mudcracks,
autoclastic breccia, dewatering structures and erosive surfaces (Fig. 5E to K).
Three samples of lithologically-representative mudstone units were analyzed using bulk
and detailed clay XRD. One was from a depth of 282 m: 50.4% quartz, 21.9% halite, 10.2% illite
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and mica, 5.7% plagioclase feldspar, 3.4% potassium feldspar, 2.5% chlorite, 2% magnesite,
1.8% kaolinite, 1.3% R1 ordered mixed-layer chlorite/smectite with 50% smectite layers, and
0.8% Fe-rich dolomite were identified. Another sample from a depth of 254 m: 26.5% anhydrite,
25.9% quartz, 13.7% illite and mica, 11.7% halite, 6.9% plagioclase feldspar, 5.1% potassium
feldspar, 3.5% chlorite, 2.2% kaolinite, 2.2% R1 ordered mixed-layer chlorite/smectite with 50%
smectite layers, 1.4% hematite and 0.9% magnesite. The final sample at a depth of 235 m:
27.5% quartz, 23.6% illite and mica, 15.6% halite, 7.9% potassium feldspar, 7.8% magnesite,
5.1% chlorite, 4.7% plagioclase feldspar, 3.4% R1 ordered mixed-layer chlorite/smectite with
50% smectite layers, 3.1% kaolinite and 1.3% pyrite. It is noted that the XRD analyses did not
detect any primary carbonates.
Mineralogical variations in mudstones are apparent in thin section. Fig. 5 shows
alternating laminations of black clay-sized grains, grey silt-sized grains and gypsiferous layers.
The gypsiferous mudstone laminations are most clearly observed through cross-polarized light.
The gypsum crystals are blocky and euhedral in shape and ~0.2 mm2 in size (Fig. 5K and L).
There are variety of diagenetic features found with the mudstone lithology including
intergranular halite cement, anhydrite nodules, and patches of red-staining from iron oxide
cements.

Displacive halite
Displacive halite is a lithology composed of large (~1 to 2 cm2), cubic halite crystals
randomly organized in a fine-grained (clay-sized and silt-sized) siliciclastic sediment matrix
(Fig. 6A). In the displacive halite lithology, halite crystals can range from 15 to 90% and
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mudstone can range from 10 to 85% of the composition. The mudstone is cemented with halite.
The colour of the displacive halite crystals and mudstone range from dark brown to tan (10YR
3.1 and 5YR 6/6). Displacive halite units disrupt rare laminations in the mudstone matrix.
Displacive halite is dominantly observed in the middle (253 to 298.7 m) of the Hutchinson Salt
Member.

Bedded gypsum/anhydrite
Bedded gypsum/anhydrite lithology consists of laminations or beds that are
predominantly composed of gypsum/anhydrite mineralogy. This lithology was present in two
distinct textures: bottom-growth and cumulate gypsum/anhydrite.
Bottom-growth, swallowtail-shaped, bedded gypsum crystals are oriented upward from a
nucleation surface to form a bed (Fig. 7A). The crystals widen at the top, exhibiting competitive
crystal growth. The swallowtail-shaped gypsum crystals (GLEY1 N/4) that comprise the beds
are approximately 0.5 cm tall and are draped with thick laminations of white, powdery, claysized to silt-sized gypsum/anhydrite grains.
Needle-shaped, cumulate gypsum/anhydrite crystals are interbedded with laminations of
black mudstone. The cumulate gypsum/anhydrite crystals are tannish-brown (5Y 5/1) and the
mudstone is black (GLEY1 2.5N to GLEY1 N/7). This lithology is cemented with halite (Fig. 7B
to D).
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Displacive gypsum/anhydrite
Displacive gypsum/anhydrite consists of rare, randomly oriented needle-shaped gypsum
crystals in black mudstone (Fig. 6B). The gypsum needles range from 0.01 to 0.5 mm long. The
composition ranges from 40 to 95% mudstone and 5 to 60% thin gypsum needles. Unlike
displacive halite, displacive gypsum/anhydrite is only found within black mudstone in the lowest
10 m of the Hutchinson Salt Member. Some needle-shaped gypsum crystals are twinned and
appear as a “star” or “burst” shape. These shapes are ~2 mm wide and are suspended in a black
mud matrix (GLEY1 2.5N to GLEY1 N/7).

Diagenetic features
There are several different diagenetic features throughout the Hutchinson Salt Member.
Most of these features are specific to host lithologies, such as intergranular halite cement in
mudstone. However, one diagenetic feature, red-coloured halite veins, is not specific to any
lithology and cross-cuts all lithologies (Fig. 5D). Although the red colour and lustre resembles
sylvite, this is not an accurate identification. Based on the lack of tangy taste and observations
from Dellwig (1968), this red mineral is an iron-rich halite.

INTERPRETATION OF LITHOFACIES
The descriptions of the lithologies, including sedimentary features, indicate three
environments of deposition. The three environments are: shallow surface brine settings, wet
mudflats and dry mudflats.
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Shallow surface brine settings
Both bottom-growth and cumulate halite and gypsum/anhydrite crystals form only in
surface brines. Therefore, the abundant beds of bottom-growth and/or cumulate crystals in the
Hutchinson Salt Member are remnants of past surface brines. These shallow brines had
chemistries dominated by Na+, Cl-, Ca2+ and SO42-. No carbonates were observed in the bedded
halite or gypsum/anhydrite lithologies, so it’s likely that the water chemistry was not HCO3-- and
CO3-2 -enriched. Chevron halite is indicative of shallow surface brines (<0.5 m deep; Shearman,
1978; Lowenstein and Hardie, 1985). Cumulate halite crystals form in surface brines, regardless
of depth. However, all beds that contained cumulates also contained chevrons. Therefore, the
Hutchinson Salt halite was formed by shallow surface brines.
Some of these shallow brine settings underwent periods of flooding, evapoconcentration
and desiccation. Evapoconcentration of surface waters is represented by the precipitation of
bedded evaporites, including bottom-growth and cumulate halite and gypsum/anhydrite crystals.
Thin laminations of white, microcrystalline halite that drape over some beds of cumulates and/or
chevrons are interpreted as efflorescent crusts that formed during desiccation (Fig. 4C; Smoot
and Castens-Seidell, 1994). Desiccation is also suggested from mudcracks and intraclasts in
mudstones (Smoot and Castens-Seidell, 1994; Benison et al., 2007). Clear, halite cement-filled
vugs in some bedded halite is interpreted as early dissolution pipes caused by flooding (Fig. 4C;
Lowenstein and Hardie, 1985). In contrast, some bedded halite does not contain flooding and
desiccation features, indicating that the shallow saline brines were perennial (Schubel and
Lowenstein, 1997). The bedded halite and bedded gypsum/anhydrite lithologies of the
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Hutchinson Salt Member were deposited by both perennial and ephemeral shallow surface
brines.

Wet mudflats
Wet mudflats are interpreted by the presence of the displacive halite and displacive
gypsum/anhydrite lithologies. These rocks formed in mudflats that were saturated with a shallow
saline groundwater that precipitated displacive halite and displacive gypsum/anhydrite in
unconsolidated mud (Smith, 1971; Casas and Lowenstein, 1989; Smoot and Lowenstein, 1991).
Wet mudflats are dominant throughout the middle unit of the Hutchinson Salt. These mudflats
experienced multiple periods of flooding and rare periods of desiccation. This is indicated by
climbing ripple-cross bedding and mudcracks, respectively. Displacive halite crystals that
crosscut these sedimentary structures document fluctuation of the groundwater table.

Dry mudflats
Siliciclastic mudstone units containing discontinuous lamina, intraclasts and mudcracks
formed in dry mudflats. These dry mudflats were vegetation-free areas adjacent to wet mudflats
in which at most times, were subaerially exposed and were underlain by a deeper water table.
These dry mudflats occasionally experienced periods of flooding. Flooding was most likely
activated by rain events, causing sheet floods that deposited wavy discontinuous lamina,
climbing ripple cross-bedding, and rare soft-sediment deformation. Desiccation followed,
forming efflorescent crusts, dewatering structures, mudcracks. autoclastic breccia and intraclasts.
Periods of desiccation likely also resulted in deposition of aeolian silt and clay. Erosive surfaces
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in the mudstone units were likely formed by both flooding events and aeolian processes. XRD
results indicate that quartz abundance remained relatively consistent in mudstone lithologies. The
quartz abundances are interpreted to indicate that an energy source, such as wind and/or water,
carried quartz grains into the system from outside sources, likely including reworking of Chase
Group outcrops.

DISCUSSION
Depositional trends of the Hutchinson Salt Member
The Hutchinson Salt Member is composed of 5 lithologies: bedded halite, mudstone,
displacive halite, bedded gypsum/anhydrite and displacive gypsum/anhydrite. These lithologies
were found in varying abundances throughout the thickness of this member, creating a natural
division of three sections: lower, middle and upper. These stratigraphic divides were based on
the presence or absence of the displacive halite lithology. The middle Hutchinson Salt (253 to
298.7 m) predominately contains bedded halite, displacive halite and rare mudstones. The lower
(298.7 to 335.2 m) and upper (225.5 to 253 m) Hutchinson contain little to no displacive halite
beds and are composed of bedded halite, bedded gypsum/anhydrite, displacive gypsum/anhydrite
and mudstone.
The middle depths of the Hutchinson Salt in the AEC-2 core does not have as much
evidence for flooding, evapoconcentration and desiccation as do the lower and upper depths. The
middle Hutchinson likely had higher groundwater levels and more persistent shallow, perennial
lake water. This may have been caused by more consistent temperature and humidity levels due
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to less extreme weather events. Additionally, this ground-water driven system supports the
interpretation of a continental depositional environment. In contrast, flooding,
evapoconcentration and desiccation cycles observed in the upper and lower Hutchinson Salt may
suggest that deposition was strongly influenced by more extreme weather events, such as
rainstorms and droughts.

What does Hutchinson Salt Member sedimentology and stratigraphy indicate about
marine or continental setting?
The Hutchinson Salt Member is dominated by halite, gypsum and siliciclastics that
formed in shallow surface brines adjacent to wet mudflats and dry mudflats. Much of the
Hutchinson Salt was subjected to flooding, evapoconcentration and desiccation. These are
characteristics of multiple modern environments, including saline lakes, saline lagoons and aridclimate tidal flats. These environments contain similar sedimentary features and may have
overlapping chemical signatures, despite the different origins of the parent waters. Deciphering
among these environments is challenging (Hardie, 1984).

Revisiting criteria for distinguishing marine verse continental evaporites
Hardie (1984) provided a comprehensive discussion about guidelines to decipher if
ancient evaporites were deposited by a marine or continental environment. Five
sedimentological, mineralogical, and chemical criteria were recognized: (i) fossil types; (ii)
facies associated with unit of interest; (iii) primary mineralogies; (iv) sequence of minerals; and
(v) trace element and isotope geochemistry of saline minerals (Hardie, 1984). Other guidelines

28

for recognition of marine verses continental evaporites are overviews of continental evaporites
by Smoot and Lowenstein (1991) and marine evaporites by Kendall (2010), as well as detailed
case studies of modern evaporite depositional environments (i.e., Eugster and Hardie, 1978;
Hardie et al., 1978; Casas and Lowenstein, 1989; Schubel and Lowenstein, 1997; Lowenstein et
al., 1999; Benison et al., 2007).
Hardie (1984) suggested the use of fossils to decipher marine or continental settings.
Macroscopic body or trace fossils were not observed in hand sample or thin sections in the
Hutchinson Salt Member. The only fossils observed were suspect prokaryotes, algae and pollen
trapped in fluid inclusions. Although a few publications have mentioned fossils (Tasch, 1960;
Jones, 1965), these publications provide little documentation of fossil types. Therefore, the
mentions of fossils in past publications are either not diagnostic or too rare within the
Hutchinson Salt to be considered diagnostic. No fossils were observed in the current study of the
AEC-2 core or supplemental observations of salt mine walls.
The lithofacies associated with the Hutchinson Salt can provide clues to help distinguish
environment. Beneath the Wellington Formation lies the Chase Group, which has been
interpreted as marine and continental cyclic deposits (i.e., Miller et al., 1996). Above the
Wellington Formation, there are hundreds of meters of continental deposits (i.e., Watney et al.,
1988; Benison and Goldstein, 2001; West et al., 2010; Benison et al., 2013; Giles et al., 2013;
Sweet et al., 2013; Foster et al., 2014). In addition, no classic tidal flat features, such as tidal
bundles, have been described for any rocks above the Chase Group. Based on these associated
lithofacies, the transition from marine to continental settings must stratigraphically occur in the
Chase Group or the Wellington Formation. The stratigraphic position of the Hutchinson Salt
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Member, as part of the Wellington Formation, plays a key role in transition of marine to
continental environments.
Minerals within the Hutchinson Salt Member include halite, gypsum/anhydrite, quartz,
illite, mica, potassium feldspar, plagioclase feldspar, chlorite, kaolinite, magnesite, smectite and
hematite. These minerals are undiagnostic because they can be found in both marine and
continental environments, and some may be diagenetic.
The sequence of minerals throughout the Hutchinson Salt does not show any obvious
trends. This suggests that there were not significant changes in brine chemistry. However, it is
significant to note the lack of calcite, aragonite, and other carbonate minerals in the member and
the presence of iron in some of the halite. Both characteristics are found in some arid continental
saline settings (e.g., Benison et al., 2007).
This study’s application of the Hardie (1984) criteria, supplemented by consideration of
Smoot and Lowenstein (1991) and Kendall (2010), highlights the lack of marine fossils and the
paucity of carbonates in the Hutchinson Salt Member. Here, it is suggested that continental
deposition was more likely than marine deposition.

Investigating the paucity of carbonates minerals
Throughout the sedimentological investigation of this study, carbonate minerals were rare
throughout the entire Hutchinson Salt in the AEC-2 core. The only carbonate minerals detected
were trace amounts of dolomite and magnesite. One siliciclastic mudstone sample contained
~0.8% Fe-rich dolomite. Three mudstones revealed 0.9, 2.0 and 7.8% magnesite. No
carbonates, including the Fe-rich dolomite and magnesite, were observed in thin section. The
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absence of calcite or aragonite is interesting because bedded and displacive gypsum and
anhydrite reveals that Ca was available in the saline surface waters and groundwaters. The
presence of trace amounts of Fe-dolomite and magnesite may be depositional or diagenetic.
Furthermore, it is not known if rare Fe-rich dolomite and magnesite were made within the
depositional environments or were transported from another environment.
The rarity of carbonates could be explained by two hypotheses: (i) few, rare carbonate
minerals were present at the time of deposition; or (ii) carbonate minerals were present but were
later dissolved or altered. The second option is not as viable as the first option due to multiple
contradicting observations. Primary halite is still present in the core. It is not feasible to dissolve
carbonate minerals and not primary halite because halite is more soluble than carbonate minerals.
Another issue is that there are no remnants of carbonate minerals. No shapes, grains, or textures
characteristic of carbonate grains or crystals were seen under the microscope. With this
reasoning, it is more plausible that calcite and aragonite were never present in the depositional
environment and that other carbonate minerals were never in abundance there. This strongly
questions the traditional marine model. Typically, marine-sourced waters will initially precipitate
carbonates, including calcite or aragonite. As the water chemistry changes through flooding,
evapoconcentration, and desiccation cycles, carbonates would periodically form and be closely
associated with halite and gypsum/anhydrite. If the Hutchinson Salt Member was formed by
marine brines, why are only rare and atypical carbonate minerals present?
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A case for continental deposition
Although multiple past studies have suggested deposition from a marine environment,
diagnostic features confirming this interpretation were not justified well in previous publications
and were not identified in this study. Here, the Hutchinson Salt Member is interpreted as a saline
lake system with continental parent waters. Supporting evidence for this interpretation is: (i) lack
of fossils typically expected in marine-influenced settings; (ii) paucity of carbonate minerals; and
(iii) absence of marine-indicative sedimentary lithofacies (e.g., tidal bundles and tidal channels).
In addition, the Sumner Group is stratigraphically bounded by lithologies that support this
interpretation. Therefore, it is likely that the Hutchinson Salt Member was deposited in a
continental setting.

CONCLUSIONS
In conclusion, the Hutchinson Salt Member is composed of five lithologies: bedded halite,
siliciclastic mudstone, displacive halite, bedded gypsum/anhydrite and displacive gypsum/
anhydrite. These formed in shallow surface brines that underwent periods of flooding,
evapoconcentration and desiccation with adjacent wet and dry mudflats.
This study proposes that the Hutchinson Salt Member was deposited by a continental
environment. This interpretation is supported by the paucity of carbonates, lack of marinediagnostic fossils, absence of characteristic marine lithofacies and the stratigraphic context. More
geochemical analyses are needed to further investigate this interpretation and to use climatic and
biological proxies to better understand the Permian of Kansas.
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FIGURE CAPTIONS
Fig. 1. Stratigraphic column representing context of Hutchinson Salt Member among Permian rocks in
Kansas (not to scale). Modified from West et al. (2010) and Foster et al. (2014).

Fig. 2. Map of Kansas, Oklahoma and north Texas. The star represents the core drilling location and the
dashed line represents the Permian Hutchinson Salt Member (modified from Pierce and Rich, 1962; Jones
1965).
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Fig. 3. Stratigraphic column of the Hutchinson Salt Member in the AEC-2 core. Note the distinct colour
variations in both bedded halite and mudstone lithologies.
Fig. 4. Bedded halite lithology. (A) Core slab of bedded halite alternating in colour. B) Thick section (~0.5
cm) of bedded halite. (C) Close-up of the thick section in (B) with late-stage dissolution pipe (dp) crosscutting multiple beds of halite with white clay at the base, efflorescent crust (ec) interpreted from finegrained, tan mud trapped in one lamina and chevrons (ch) composed of primary fluid inclusions labelled.
(D) Chip of bedded halite with chevron. (E & F) Close-up of chevron and primary fluid inclusions.

Fig. 5. Mudstone lithology. (A) Dark grey and white laminations of mudstone disrupted by displacive
halite crystals in mudstone in core slab. (B) Alternating red and grey graded colouration in mudstone in
core slab. (C) Alternating dark grey and white laminations in mudstone brecciated with displacive halite
growth in core slab. (D) Grey mudstone core slab with rare displacive halite crystals and Fe-rich halite
vein. (E) Climbing ripple cross bedding in silt-sized grains. (F) Dewatering structure (arrow) in mudstone.
(G) Discontinuous lamina in mudstone. (H) Faults in laminated mudstone highlighted by circles. (I)
Convolute laminations in black and tan clay-sized and silt-sized sediment. (J) Intraclasts in mudstone
highlighted by red arrow. (K) Black mud, gypsum and bottom growth halite in plane light. (L) Same view
as (I) in cross-polarized light.

Fig. 6. Displacive halite (A) and displacive gypsum (B) lithologies. (A) Cubic-shaped cm-scale displacive
halite suspended in mudstone in a conformable contact with underlying bedded halite in core slab.
Displacive halite crystals are observed in hand sample and thin section. (B) Thin, needle-shaped, mm-scale
displacive gypsum crystals suspended in black mudstone in conformable contact with bedded gypsum.
Displacive gypsum crystals are only observed in thin section.

Fig. 7. Bedded gypsum lithology. (A) Core slab of laminated grey and white mud with ‘v’-shaped
swallow-tail bedded gypsum beds highlighted by red arrow. (B) Core slab of silt-sized, tan-coloured and
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white-coloured laminations of gypsum/anhydrite crystals. (C) Thin section photo of interlaminated,
aligned, needle-shaped, cumulate gypsum crystals and black mudstone. (D) Thin section photo of
discontinuous laminations of unaligned, unoriented, needle-shaped, cumulate gypsum crystals and black
mudstone.
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Figure 4: Bedded halite lithology: A) Core slab of bedded halite alternating in color. B)
Thick section (~0.5 cm) of bedded halite. C) Close-up of the thick section in (B) with
late-stage dissolution pipe (dp) cross-cutting multiple beds of halite with white clay at
the base, efflorscent crust (ec) interpreted from fine-grained, tan mud trapped in one
lamina, and chevrons (ch) composed of primary fluid inclusions labelled. D) Chip of
bedded halite with chevron. E & F) Close-up of chevron and primary fluid inclusions.
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Figure 5: Mudstone lithology: A) Dark gray and white laminations of mudstone
disrupted by displacive halite crystals in mudstone in core slab. B) Alternating red and
gray graded coloration in mudstone in core slab. C) Alternating dark gray and white
laminations in mudstone brecciated with displacive halite growth in core slab. D) Gray
mudstone core slab with rare displacive halite crystals and Fe-rich halite vein. E)
Climbing ripple cross bedding in silt-sized grains. F) Dewatering structure (arrow) in
mudstone. G) Discontinous lamina in mudstone. H) Faults in laminated mudstone
highlighted by circles. I) Convolute laminations in black and tan clay- and silt-sized
sediment. J) Intraclasts in mudstone highlighted by red arrow. K) Black mud, gypsum,
and bottom growth halite in plane light. L) Same view as (I) in polarized light.
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Figure 6: Displacive halite (A) and
displacive gypsum (B) lithologies. (A)
Cubic-shaped cm-scale displacive halite
suspended in mudstone in a
conformable contact with underlying
bedded halite in core slab. Displacive
halite crystals are observed in hand
sample and thin section. B) Thin,
needle-shaped, mm-scale displacive
gypsum crystals suspended in black
mudstone in conformable contact with
bedded gypsum. Displacive gypsum
crystals are only observed in thin
section.
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Figure 7: Bedded gypsum lithology. A) Core slab of
laminated gray and white mud with ‘v’-shaped swallow-tail
bedded gypsum beds highlighed by red arrow. B) Core
slab of subangular to subrounded, silt-sized, tan and
white-colored lamnations, abdraded gypsum/anhydrite
grains. C) Thin section photo of interlaminated, aligned,
needle-shaped, cumulate gypsum crystals and black
mudstone. D) Thin section photo of discontinous
laminations of unaligned, unoriented, needle-shaped,
cumulate gypsum crystals and black mudstone.
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ABSTRACT
Many salt deposits are known from the mid Permian to Early Triassic, but few have been
the subject of detailed sedimentological studies. Here, we present the first sedimentological study
of the mid-late Permian Belfast Harbour Evaporite Formation of Northern Ireland. This
formation is dominated by bedded halite, contains some siliciclastic mudstone and bedded
anhydrite, and is cross-cut by intrusive igneous rocks. The bedded halite lithology contains
bottom-growth chevron crystals, cornet crystals, efflorescent crusts, and dissolution pipes, which
are evidence of a saline surface brine that underwent periods of evapoconcentration, desiccation,
and flooding. The mudstone lithology contains dewatering structures, intraclasts, and mudcracks
which are indicative of flooding and desiccation, suggesting deposition in dry mudflats. Bedded
anhydrite was likely deposited as bedded gypsum in saline surface waters. The Belfast Harbour
Evaporite Formation was formed by continental saline lakes with associated mudflats, based on
sedimentary characteristics and supported by geochemical evidence and the stratigraphic context.
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Diagenetic features are limited. Early syndepositional dissolution pipes in bedded halite
formed by flooding events were observed. Halite cement was present in mudstones and
dissolution pipes. Gypsum dehydrated into anhydrite, rehydrated back to gypsum, and
dehydrated to anhydrite repeatedly to form an interlocking crystal mosaic. Later features include
fluid migration and the intrusion of mafic rocks.
The Belfast Harbour Evaporite Formation was deposited by ephemeral saline lake and
dry mudflat environments in an arid climate. This study, when compared to age-equivalent
continental deposits elsewhere, suggests that arid settings with saline lakes existed across much
of Pangea during the Permo-Triassic.
______________________________________________________________________________
INTRODUCTION
The Permian Belfast Harbour Evaporite Formation is a halite-dominated, ~178 m thick
stratigraphic unit located in the Larne Basin in the subsurface of Northern Ireland (Fig. 1). Here,
we present the first comprehensive sedimentological study with supportive geochemical analyses
on this formation. The goal of this paper is to characterize the depositional environment and
diagenetic history of this evaporite-rich formation.
This study uses a combination of analyses including core slab observations, thin section
petrography, fluid inclusion petrography, mineralogical identifications, and elemental analyses of
the Islandmagee-1 core from County Antrim, Northern Ireland. Observations of sedimentary
textures and sedimentary structures give essential information about depositional processes.
Elemental and mineralogical abundances help understand depositional water chemistry.
Collectively, these observations assist in the interpretation of the depositional environment and
diagenetic history.
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BACKGROUND
Stratigraphic context
The Belfast Harbour Evaporite Formation is part of the Belfast Group and is bounded by
Permo-Triassic siliciclastic and evaporite rocks within the Larne Basin (Fig. 2; McCann, 1991;
Naylor et al., 2003). The Larne Basin is a northeast-southwest trending, structurally controlled
basin that developed on top of the Midland Valley terrane (Trewin, 2002). The underlying
Permian Enler Group contains reddish pink mudstone, siltstone, sandstone, and conglomerate
lithologies, as well as Lower Permian mafic volcanic and volcaniclastic units (Penn et al., 1983).
The siliciclastics of the Enler Group are interpreted to have been deposited by alluvial fans (BGS
Lexicon; Naylor et al., 2003; Mitchell, 2004)
The Belfast Group contains three formations: (1) the ~235-m-thick Magnesian Limestone
Formation, (2) the ~178-m-thick Belfast Harbour Evaporite Formation, and (3) the White Brae
Mudstone Formation. The Magnesian Limestone Formation is described as a gray-ish yellow,
sandy, calcareous unit that is over 235 m thick with abundant gastropod and bivalve fossils
(Geological Core Description Report for Exploration Well Islandmagee-1, 2015; Mitchell,
2004).
The Belfast Harbour Evaporite Formation has been subjected to limited study. The
Belfast Harbour Evaporite Formation has been assigned to the Lopingian Stage (~260-251 Ma)
in the Permian based on dated miospores in the overlying White Brae Mudstone Formation
(Mitchell, 2004). A preliminary core study by Smith (1986) focused on identifying the PermoTriassic rocks in Belfast, Northern Ireland from the Belfast Harbour Borehole No. 1 core. This
study described the stratigraphy, and in part briefly summarizing the Belfast Harbour Evaporite
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Formation as an evaporite and carbonate sequence. Smith (1986) identified lithologies such as
anhydrite, gypsum, mudstones, siltstones, oolites, micrites, and breccias, but did not provide
sedimentological descriptions for these interpretations. There is no mention of halite in Smith’s
descriptions and the lithologies are not similar to the ones observed in the core from this study.
Smith (1986) extrapolated the depositional environment as a supratidal shoreline or coastal
sabkha. Currently, a sedimentological study of the Belfast Harbour Evaporite Formation has not
been completed.
The White Brae Mudstone Formation, commonly referred to as the Permian Upper Marls,
of the Permian Belfast Group, is dominated by anhydrite and reddish-brown mudstones and
siltstones (Mitchell, 2004). Within the White Brae Mudstone Formation, Lueckisporites virkkiae
and Perisaccus granulosus miospore assemblages were observed and determined to be middle
Permian (Guadalupian) to late Permian (Lopingian) age (Warrington, 1995). The other
formations within the Belfast Group have been assigned to relative dates within these
boundaries.
Overlying the Belfast Group is the ~626 m thick Permo-Triassic(?) Sherwood Sandstone
Group, composed of red, yellow, and brown sandstones dominated by bimodal grain size
distribution, fining-upward sequences, trough cross-bedding, and channel forms (BGS Lexicon;
Warrington, 2005). Rare conglomerates are present. The Sherwood Sandstone Group has been
interpreted as continental deposits formed in aeolian, fluvial, and alluvial environments (Cowen,
1993; Buckman et al., 1998).
The exact position of the Permo-Triassic boundary in the Northern Ireland stratigraphy is
unknown (Mitchell, 2004). The age of the Sherwood Sandstone is estimated to be PermoTriassic based on the presence of vertebrate footprints, including the Chirotherium and
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Rhynchosauroides, and other fossils including conifers, horsetails plants, brachiopods, bivalves,
crustaceans (Euestheria and ostracods), scorpions, fishes (Gyrolepis, Dipteronotus, and
Ceratodus), and amphibious lizards (Mastodonsarus; Walker, 1969; Old et al., 1991; Benton et
al., 1994; Tresise and Sarjeant, 1997; Warrington et al., 1999).
In Northern Ireland, the ~592 m thick Triassic Mercia Mudstone Group overlies the
Sherwood Sandstone Group and is composed of bedded halite, bedded gypsum, displacive halite,
and red siliciclastic mudstone (Naylor et al., 2003; Warrington, 2005; Andeskie et al., 2018).
Based on a core study in the Larne Basin, these rocks were deposited in shallow perennial saline
lakes, saline mudflats, dry mudflats, and soils (Andeskie et al., 2018).

Islandmagee-1 core report
Here, we describe the Permian Belfast Harbour Evaporite Formation in the Islandmagee1 (IM-1) core from County Antrim, Northern Ireland (Fig. 1). The IM-1 core was drilled in 2015
by Islandmagee Energy Limited in the northwestern part of the Islandmagee Peninsula of
Northern Ireland along the north-eastern shore of Larne Lough at 343265.49 E, 400830.57 N to a
total depth of 1,753.6 m, encompassing the formation in its entirety. This core was drilled from
15th May to 14th June 2015 to explore the regional Permian salt. In this core, the Belfast Harbour
Evaporite Formation is found at depths of 1327.1 m to 1504.6 m. This formation is 177.5 m thick
and the core had a 95% recovery rate. One core run was lost in the hole from the depth of
1,353.5 to 1,362.4 m. The report by Islandmagee Energy Limited provided photographs of core
slabs in transmitted and reflected light and described general lithology, petrography, grain fabric,
structural features, bulk mineralogy, and bromide concentrations for unslabbed core within the
formation. The bromide concentrations in the drillers report vary from 77 to 186 ppm, with a
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slight increasing trend up-section. In addition, rock-mechanical testing, petrographical analysis,
and dissolution tests were completed by Island Energy Limited. These analyses used and
destroyed ~25% of the core. The geological core report, by Islandmagee Energy Limited,
identified mudstone, anhydrite, rock salt, and basalt. The remaining core is located at the core
repository of the Geological Survey of Northern Ireland in Belfast. The core report by
Islandmagee Energy Limited did not include observations of sedimentary features, sedimentary
structures, detailed mineralogy, detail elemental concentrations, bedding types, bedding
thickness, or types of halite structures.

METHODS
For this study, we used petrography, mineralogy, and elemental data to characterize the
Belfast Harbour Evaporite Formation. From our observations, we made interpretations of
depositional environments and diagenetic features.

Core descriptions and petrography
At the Geological Survey of Northern Ireland (GSNI) core repository, we slabbed the
Islandmagee-1 core vertically into thirds using a DeWalt D24000S wet tile saw with limited
water directed at the blade and away from the sample. We described color using the Munsell Soil
Chart. We documented sedimentary textures, sedimentary structures, any fossils, any reaction to
HCl, obvious minerals, and diagenetic features in core and used them to make a cm-scale
measured section and stratigraphic column (Fig. 3). Representative core slabs were sampled and
mailed back to West Virginia University.
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At West Virginia University, core slabs were re-slabbed with a rock saw for thin and
thick section preparation. Slabs of bedded halite units were used to create thick sections. Halite
slabs were polished while dry with both a 5-inch Black & Decker Random Orbit Sander and
manually sanded with grit on a glass plate. We prepared 22 thick sections that are approximately
0.5 to 1 cm thick. Five large-format (51 mm x 75 mm) thin sections were prepared at Spectrum
Petrographics, Inc. and were made with minimal use of water or heat. Two of these large-format
thin sections are mudstone and three are anhydrite. Halite chips were prepared by slicing core
slab fragments with razor blades and hand polishing with sand paper for a thickness of ~ 1 mm.
These chips were used for fluid inclusion petrography.
Both thin and thick sections were examined using an Olympus SZX10 microscope (20 to
2000 x magnification) and an Olympus BX53 microscope (6.3 to 63 x magnification) with plane
transmitted, reflective, polarized light, and UV-vis light sources. Observations with microscopes
include color, sedimentary textures, mineral composition, sedimentary structures, fossils,
diagenetic features, and notable contacts. Photomicrographs were taken using a digital camera
and SPOT5 digital imaging system.

Mineralogical analyses
X-ray diffraction (XRD) of bulk and detailed clay mineralogy was completed by James
Talbot at K-T Geoservices, Inc. Four halite samples were analyzed for bulk rock mineralogy.
Due to the limited amount of mudstone within the formation, only one sample of mudstone was
analyzed for bulk rock and clay mineralogy. These samples were not located near an igneous
intrusion within the core.
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Elemental analyses
Instrumental neutron activation analysis was completed at Activation Laboratories for 15
samples of bedded halite and three samples of mudstone. We tested for As, Br, Ca, and Fe
concentrations.

RESULTS
The Belfast Harbour Evaporite Formation is composed of three sedimentary lithologies.
In the IM-1 core, in order of most to least abundant, there is bedded halite (66.8%), anhydrite
(2.5%), mudstone (2%), and missing core from drillers’ sample analyses which was mostly halite
based on the drillers report (25.4%; Fig. 3). The formation has been cross-cut by basaltic
intrusions, which account of 3.2% of the formation thickness in this measured section.
There are some trends evident in the stratigraphic column, based on a cm-scale measured
section (Fig. 3). The Belfast Harbour Evaporite Formation is dominantly composed of bedded
halite. This halite gradually transitions from gray to pink up-section. There are four beds of
mudstones, two were located near the base and two are close to the top of the formation. The
bottom mudstone units were massive, whereas the top mudstone units contain sedimentary
structures. The formation is capped by a unit of anhydrite. Igneous intrusions cross-cut the
formation in four places in the core. The lithologies present in the Belfast Harbour Evaporite
Formation are described in sedimentological detail below.

Bedded halite
Sedimentological observations
Bedded halite is the most abundant lithology present in the Permian Belfast Harbour
Evaporite Formation. The color of this lithology gradationally changes up-section from cloudy-
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white/gray (GLEY1 5/N) to pink (5.1YR 2.7/0.5; Fig. 4). Beds of halite are approximately ~0.51.5 cm thick and contain a variety of sedimentary textures and sedimentary structures. While
cutting core slabs, a limited amount of fine, insoluble, white-grained material accumulated on the
saw; we interpreted this as a clay mineral.
The bedded halite is composed of three types of halite crystal textures: (1) chevron
bottom-growth crystals, (2) cornet bottom-growth crystals, and (3) efflorescent crusts. Chevron
and cornet halite crystals nucleate from one surface and grow upwards (Fig. 5A). Chevron
crystals grow into a ‘∧’ shape with a corner oriented up and cornet crystals grow into a ‘□’ shape
with crystal face oriented up. Both crystals are cm-scale and contain growth bands varying in
transparency from cloudy, fluid inclusion-rich bands to clear, fluid inclusion-poor bands.
Cumulative halite crystals were not observed.
There are two kinds of fine-grained laminations in the bedded halite lithofacies. Twentyfour opaque white/pale gray, microcrystalline laminations were observed in bedded halite
lithofacies (Fig. 4A). These microcrystalline laminations are interpreted as efflorescent crusts. In
contrast, rare laminated mud drapes are composed of silt-sized grains (Fig. 4D and E).
Bottom-growth halite crystals contain chevrons and cornets that appeared to be rich in
primary fluid inclusions. Petrographic observations of thick sections identified that halite was
mostly clear with primary and secondary fluid inclusion assemblages (Fig. 5B, C, D, and E).
Most primary fluid inclusions were approximately 5-10 μm in size, cubic in shape, and found
along growth bands in parallel assemblages. Petrographic observations of polished halite chips
identified that primary fluid inclusions are all-liquid and/or contain solid daughter inclusions
(Fig. 5B and C).
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Some secondary fluid inclusion assemblages cross-cut primary fluid inclusion growth
bands. At least two types of secondary fluid inclusions assemblages were identified. One type of
secondary fluid inclusion assemblage contains small (~2 μm), all-liquid inclusions (Fig. 5D). The
other type of secondary fluid inclusion assemblage is composed of large (~2.5 mm), gas-rich,
elongated inclusions (Fig. 5E). When cut with a razor blade or crushed for geochemical analyses,
the large, elongated secondary fluid inclusions make a “snapping” sound and smell like sulfur
(Fig. 5E). The gas-rich fluid inclusions did not fluoresce in UV-vis light.
Most solid inclusions in halite are clear rectangles that range from ~30 μm long and ~10
μm wide to ~1 mm long and ~0.3 mm wide, are clear, isotropic, and cubic, and are tentatively
interpreted as sylvite (KCl-) based on optical appearance (Fig. 5F and G). These solid inclusions
are found throughout the entire formation and are very abundant.
Solids in primary fluid inclusions have a variety of colors and shapes. Some solids are 5
μm2, red spheres, and have no fluorescent response to UV light. These solids may be algae, betacarotene, iron oxides, or jarosites (Fig. 5L). Other solids in fluid inclusions are <5 μm in size,
have a variety of shapes from rectangular to spherical, and are highly birefringent (Fig. 5H, I,
and K).
Vertically-oriented, ~0.3 cm wide, cylindrically-shaped pipes were found in bedded
halite, as well. These cylindrical pipes were observed truncating fluid inclusion bands. The pipes
are filled with clear halite.

Geochemical observations
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Bulk and detailed XRD analysis was completed on two efflorescent crusts located at the
depths of 1490.5 m and 1433.3 m. The same elements in similar abundances were detected in
each efflorescent crust sample. In order from most to least abundant, these minerals include 99.5100% halite (NaCl), 4.3-4.9% anhydrite (CaSO42-), 0.5-0.8% gypsum (CaSO42- •H2O), 0.1-0.5%
quartz (SiO2), 0.3-0.4% calcite (CaCO32-), and 0.2% bassanite (2CaSO4 •H2O; Fig. 6A).
Bulk XRD analysis (Fig. 6A) was completed on two samples of chevron- and cornet-rich
bedded halite: (1) gray bedded halite at 1469.8 m and (2) pink bedded halite at 1379.7 m. The
goal of this analysis was to determine if the colors were influenced by variations in mineralogy.
However, both halite beds had halite as the dominate mineralogy (99.5-100%) with trace
amounts of quartz (0.2%) and anhydrite (0.2%; Fig. 6A).
Bromide concentrations in bedded halite identified a range in values from 57.7 to 163
ppm (Fig. 6C). Although there were only four samples analyzed, there was slight trend of these
values increasing up-section.

Mudstones
Sedimentological observations
In the Islandmagee-1 core, we have observed four mudstone beds, with a total thickness
of approximately four meters. The mudstones contain a variety of colors, sedimentary textures,
and sedimentary structures. There are two main types of mudstone present: (1) massive and (2)
sedimentary structure-rich.
The mudstone units from the depth of 1490-1492 m and 1333.5 to 1332 m are composed
of silt-sized grains, range from darkish gray (GLEY1 4/N) to brick red (5.4YR 4.2/3.1) in color,
and are massive. The grains are well-sorted and well-rounded. Detailed clay XRD analysis was
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completed on a sample of mudstone from 1333 m and identified 25.5% anhydrite. 17.8% quartz,
15.5% illite and mica, 15.2% plagioclase, 12.8% halite, 4.5% chlorite, 2.6% K-feldspar, 1.9%
hematite, 1.7% smectite/chlorite, 1.7% kaolinite, and 0.9% calcite.
The sedimentary structure-rich mudstones exist at 1334 to 1333 and 1332 to 1331.5 m
depths in the core. These units range in color from blue-ish gray (0.7Y5.0/1.1) to red (3.5Y
5.6/0.9) and are composed of clay- to silt-sized grains. These units contain wavy laminations,
discontinuous laminations, intraclasts, climbing ripple cross-bedding, and mudcracks (Fig. 7AF). Both massive and sedimentary structure-rich mudstone units have sharp bottom and top
contacts with vertically adjacent lithological units.
There are multiple diagenetic features in the mudstone units, including intergranular
halite cement and halite veins. The halite veins are 1-2 mm in width and have a blocky texture.
Massive mudstone units contain circular gray reduction spots that are ~0.25 to 0.5 cm in
diameter and are distributed randomly in horizontal units (Fig. 7A and 7C).

Geochemical observations
Detailed and bulk clay XRD results identified anhydrite (25.5%), quartz (17.8%), illite
and mica (15.4%), plagioclase (15.2%), halite (12.8%), chlorite (4.5%), K-feldspar (2.6%),
hematite (1.9%), smectite/chlorite (1.7%), kaolinite (1.7%), and calcite (0.9%), in order from
most to least abundant, in the mudstone units (Fig. 6A).
Concentrations for As, Br, Ca, and Fe measured in the mudstone are shown in Figure 6B.
Arsenic was not detectable in the lowest mudstone sample from 1491.8 m depth, however there
are 2.1 ppm and 2.6 ppm of As at 1461.5 m and 1332 m, respectively. In contrast, bromide
concentrations decreased up-section, from 23.1 ppm at 1491.8 m, 14.4 ppm at 1461.5 m, to
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undetectable at 1332 m. Calcium levels increased up-section from 3% (30,000 ppm) at 1491.8 m
and 8% (80,000 ppm) at both 1461.5 m and 1332 m. Iron levels varied from 6.0% (60,000 ppm)
at 1491.8 m, 7.8% (78,000 ppm) at 1461.5 m, and 3.5% (35,000 ppm) at 1332 m (Fig. 6B).

Anhydrite
Bedded anhydrite exists at the upper depths of the core (1331.6 to 1327.1 m; Fig. 8). The
outside of the core had a white, chalky-textured, bumpy rind. Once slabbed, the rock was dark
gray when dry (0.5YR 3/2) and black when wet (N 1/0) with rare hints of red (2.5YR 3.3/0). In
hand sample, the lowermost anhydrite, from 1329-1330 m depth, has an interlocking crystalline
mosaic. The uppermost anhydrite, 1327 m, contains both an interlocking crystal mosaic and a
mottled texture of varying shades of gray that has “phantom” circles that are approximately 3
mm long.
In order to observe the anhydrite textures further, we prepared three, large-format thin
sections and identified two types of anhydrite textures: (1) interlocking anhydrite crystal mosaic
and (2) blocky anhydrite crystals in black mud. The interlocking crystal mosaic contains
anhydrite crystals that vary from 0.2 to 0.4 mm in size (Fig. 8A, B, C, and D). These crystals
were observed in the lowermost depths of the anhydrite units at 1329 m and 1330 m. In plane
light, these crystals are white to gray in color. In polarized light, these crystals are teal, emerald
green, burnt orange, and red. There are no sedimentary structures evident in the interlocking
anhydrite crystal mosaic.
The uppermost anhydrite, 1327 m, contains both an interlocking crystal mosaic and
blocky anhydrite crystals in black mud. The interlocking crystal mosaic is very similar to the
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lowermost anhydrite depths. The interlocking crystal mosaic (85% of thin section) surrounds the
blocky anhydrite crystals in black mud (15% of thin section). The blocky anhydrite crystals in
black mud contains 0.5 mm long and 0.1 mm wide, blocky and needle-shaped anhydrite crystals
oriented inward in circular, black mud clasts (Fig. 8E and F). The anhydrite needles and mud
clasts form circles that are approximately 1.5 mm wide and 3 mm long.

Igneous intrusions
In the Islandmagee-1 core, we observed four depths at which igneous intrusions cross-cut
bedded halite units. The halite surrounding the igneous intrusions is cloudier in color and is
fractured. The igneous intrusions are dark gray to black in color, have high specific gravity, and
have a green rind in the contact with the host rock (Fig. 9). These intrusions are composed of
basalt (Helen Lang, pers. comm.). The basalt had low integrity and crumbled easily. Some
intrusions were fragmented (Fig. 9). Rare white halite veins cross-cut basalt intrusions.

INTERPRETATIONS
Depositional environments
We interpret, for the first time, that the Permian Belfast Harbour Evaporite Formation
was deposited in a shallow saline lake system with surrounding mudflats. Below are our
supporting arguments.

Shallow saline surface waters
The depositional lithologies of the Belfast Harbour Evaporite Formation contain evidence
for ephemeral shallow saline surface waters. Halite chevrons and cornets grow in shallow, NaCl-
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rich surface waters (Arthurton, 1973; Lowenstein and Hardie, 1985). In addition, the presence of
anhydrite indicates that the surface waters were also CaSO42-rich.
Efflorescent crusts formed upon desiccation of the saline surface waters. We interpret the
microcrystalline laminations composed of halite and anhydrite/ gypsum with traces of calcite,
bassanite, and quartz as efflorescent crusts. Efflorescent crusts are a finely crystalline, evaporite
layer that form from the evaporation and precipitation of groundwaters (Lowenstein and Hardie,
1985; Smoot and Castens-Seidell, 1994). The abundant efflorescent crusts in the Belfast Harbour
Evaporite Formation indicate that the saline lake water was shallow enough to commonly fully
desiccate throughout deposition. It is likely that an arid climate drove these processes.
Vertically-oriented, ~0.3 cm wide, cylindrical pipes are interpreted dissolution features.
Dissolution pipes form when bedded halite partially dissolves during flooding events
(Lowenstein and Hardie, 1985). There are four distinct depths with dissolution pipes throughout
the formation. In contrast to the great number of efflorescent crusts, the low number of distinct
dissolution pipes is further evidence that the climate was more arid than humid, that is, rain
events likely occurred less frequently than desiccation.
Collectively, the minerals, crystal types, and sedimentary structures of the bedded halite
of the Belfast Harbour Evaporite Formation reveals information regarding the depositional
environment and processes. The presence of primary halite and gypsum indicates saline lake
water bodies dominated by Na, Cl, Ca, and SO42-. Chevrons, cornets, efflorescent crusts, and
dissolution pipes indicates a shallow water body that underwent periods of desiccation and
floods (Lowenstein and Hardie, 1985; Smoot and Castens-Seidell, 1994; Benison et al., 2007).
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Dry mudflat
The mudstones of the Belfast Harbour Evaporite Formation likely formed in dry mudflats
surrounding the lake waters due to their sedimentary structures and mineral composition.
However, the mode of deposition varies depending on if the mudstone was massive or
sedimentary structure-rich.
The massive mudstone is dominated by fine-grain sizes and well-sorted texture. There are
three possible depositional mechanisms for this mudstone: (1) mud was deposited by aeolian
processes, (2) mud formed from chemical precipitation within surface water, or (3) a mix of a
dust storm deposition and chemical sedimentation occurred. The mineralogy suggests that some
minerals were either likely blown or carried into the system, whereas other minerals may have
precipitated from the surface waters or groundwater (e.g., Benison et al., 2007; Sweet et al.,
2013). Quartz, illite, mica, and K-feldspar are most likely blown into the system. Some may have
been transported in by fluids, but the rarity of dissolution pipes in bedded halite makes flooding
less likely than aeolian deposition. Other minerals, such as anhydrite, halite, hematite, kaolinite,
and calcite, may have been either chemically precipitated or blown into the system.
The sedimentary structure-rich mudstone is interpreted to have been deposited by
flooding events. Sedimentary structures present include wavy laminations, discontinuous
laminations, climbing ripple cross-bedding, and intraclasts. Bedding types were likely formed by
shallow aqueous deposition. In particular, climbing ripple cross-bedding indicates high net
deposition in a waning flow, suggesting sheet floods which were likely short-lived (e.g., Ashley
et al., 1982). Intraclasts likely originated as mud cracked chips and were transported short
distances by floods. After flooding, we hypothesize that these mudflats would fully desiccate,
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based on the presence of dewatering structures and mudcracks. Collectively, these dry mudflats
underwent periods of flooding and desiccation cycles.

A case for continental deposition
The depositional environment of the Belfast Harbour Evaporite Formation is interpreted
as a continental system, instead of a marine system. There is no sedimentological evidence of
marine influence, such as marine fossils, or marine indicative sedimentary structures, like tidal
bundles (e.g., Shinn, 1983).
Some mineralogical evidence of the saline water body lithofacies is inconclusive for a
continental or marine environment, as halite, anhydrite, gypsum, quartz, calcite, and bassanite
could be present in both. However, the mineralogical data identified minimal carbonates, ranging
from 0.3-0.4% of the sample. This paucity of carbonates is not sufficient enough to suggest an
evaporative marine environment.
There is also evidence of a continental origin in the elemental concentrations. The
presence of As and Fe are not commonly found in marine systems, but are known from some
alkaline and acidic saline lake systems (Kulp et al., 2004; Bowen and Benison, 2009). In both
marine and continental waters, calcium may be present (e.g., Hardie and Eugster, 1971). The Ca
levels vary from 3-8%, which is lower than expected for marine-associated systems and
terrigenous sediments. For comparison, lower Permian siliceous and calcareous mudstones in
west Texas, interpreted to be deposited by shallow marine waters, have calcium values around 227%, with an average of ~13% (Nance and Rowe, 2015).
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Another supportive argument for continental depositional is the stratigraphic context of
the Permian Belfast Harbour Evaporite Formation. It is underlain and overlain by rocks that are
also considered continental deposits. The Belfast Group overlies alluvial fan deposits of the
Enler Group and underlines eolian, fluvial, alluvial, saline lake, mudflat deposits, and paleosols
of the Sherwood Sandstone and the Mercia Mudstone Groups (Cowen, 1993; Buckman et al.,
1998; Andeskie et al., 2018). This, when paired with detailed sedimentological observations,
supports the interpretation that the Permian Belfast Harbour Evaporite Formation was most
likely deposited in a continental setting.

Diagenetic sequence of events
As part of this sedimentological investigation of the Belfast Harbour Evaporite
Formation, multiple diagenetic features were observed. The earliest diagenetic event was the
partial dissolution of halite as represented by dissolution pipes within the bedded halite. These
likely occurred by rainfall within days to months after initial halite deposition.
Shortly after the dissolution pipes formed, they were filled with a clear-halite cement.
The dissolution and infilling of the pipes occur so early in the rock record that they are
considered syndepositional and have been witnessed in real-time (Lowenstein and Hardie, 1985;
Casas and Lowenstein, 1989).
Reduction spots likely formed in mudstones as result of decaying organic matter. There
are not any obvious root casts present, however, root decay may have been responsible (e.g.,
Retallack, 2001). The presence of small roots would be consistent with a dry mudflat dominated
by aeolian processes.
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Gypsum dehydrated into anhydrite, rehydrated back to gypsum, and dehydrated to
anhydrite repeatedly to eventually form an interlocking crystal mosaic. This is typical of ancient
calcium sulfates (e.g., Murray, 1964).
Some of the bedded anhydrite may also suggest either dissolution or roots. The mottled
textures seen in the uppermost anhydrite are composed of black mud with randomly oriented
anhydrite crystals (Fig. 8E and F). The mottles may have originated either as: (1) dissolution
vugs filled with black mud as an internal sediment that infiltrated during rain events followed
closely by growth of displacive anhydrite crystals from groundwater in that mud or (2) root
features in which the decay of roots left dark, organic mud and anhydrite crystals infilled as the
pore formed.
The last diagenetic event is the intrusion of magma in the bedded halite. These basalt
intrusions are dated as Paleocene in age and can be found across the Larne Basin of Northern
Ireland as feeders to the Antrim Lava Series (Naylor et al., 2003; Holford et al., 2009).

DISCUSSION
Fluid inclusions within the bedded halite
Some fluid inclusions in the Belfast Harbour Evaporite Formation suggest low-level
alteration of the rocks mainly by heat and fluid migration due to their oval and/or stretched
shapes. Both primary and secondary fluid inclusion assemblages were observed in all depths of
the bedded halite in the Belfast Harbour Evaporite Formation. Secondary fluid inclusions suggest
fluid migration at different time through the bedded halite. There are two main factors that affect
the subsurface conditions of the halite: (1) lithostatic pressure from burial depth and (2) contact
metamorphism from igneous intrusions.
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The Belfast Harbour Evaporite Formation is present within the Islandmagee-1 core from
the depths of 1327 to 1504 m. The lithostatic pressure at this depth may cause minor alteration
within the halite.
We observed four depths in core in which the Belfast Harbour Evaporite Formation is
cross-cut by intrusions. It is unknown how many igneous intrusions are locally present and not
observed in core. The spatial range of metasomatism in halite from these igneous intrusions is
unknown.
There are still distinct beds within the halite with cm-scale chevrons observed. We
hypothesize that the alteration is only observable at micron-scale and not centimeter-scale. This
is demonstrated by the preservation of bedding within the halite and the presence of gas-filled,
secondary fluid inclusions. Many secondary fluid inclusions contain snapping bubbles that smell
of sulfur. This may be volcanic origin, such as hydrogen sulfide (HS), caused by alteration from
magmatic fluids related igneous intrusions. However, these fluid inclusions with gas bubbles are
not adjacent to the igneous intrusions within the core, suggesting influence from nearby
intrusions.
The halite-rich Triassic Mercia Mudstone Group of County Antrim, Northern Ireland
contains well-preserved primary fluid inclusions (Andeskie et al., 2018). Based on depths from
the drillers report, the Mercia Mudstone Group is ~625 m above the Permian Belfast Harbour
Evaporite Formation and is cross-cut by Paleocene igneous intrusions, as well (Holford et al,
2009; Andeskie et al., 2018). The fluid inclusions within the Mercia Mudstone Group maintain
their integrity, observed in their shape and distribution of primary fluid inclusions along growth
bands (Andeskie et al., 2018). This is evidence that the depth of the Belfast Harbour Evaporite
Formation, in addition to local heating from intrusions, may have altered the halite.
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Bromide concentrations in bedded halite
Past studies have interpreted that “normal marine evaporites” contain bromide values
either equal to or greater than 67 ppm and as high as 200 ppm (Holser, 1966; Hardie, 1984). This
assumption has led to consideration of bromide as an indicator for past marine or continental
waters. Traditionally, halites with Br over ~67 ppm were considered marine origin. Halite with
less than ~67 ppm Br were considered continental. However, Bowen and Benison (2009)
measured Br values between 0 to 941 ppm in modern shallow saline lakes in Western Australia
(Bowen and Benison, 2009). These continental lakes have bromide concentrations with a wider
range than the previously interpreted marine waters (Bowen and Benison, 2009), challenging the
view that Br can be used as an indicator of marine verse continental origin of ancient halites.
Ephemeral shallow saline lake systems undergo cycles of flooding, evapoconcentration, and
desiccation (Lowenstein and Hardie, 1985). These cycles of lake water fluctuation concentrate
and dilute chemical signatures, causing fluctuating concentrations of anions, including bromide
(Smoot and Castens-Seidell, 1994; Schubel and Lowenstein, 1997; Benison et al., 2007). Due to
these depositional processes, it is not possible to use a certain range of a single element to
identify continental versus marine environments. Due to these depositional processes, the case of
bromide concentration as marine indicator is questionable.
The bromide concentrations in bedded halite in the Belfast Harbour Evaporite Formation
ranged in values from 56 to 163 ppm. The values from the geological core report varied from 77
to 186 ppm. Collectively, the range of bromide concentrations measured in the Belfast Harbour
Evaporite Formation halite can be considered 56 ppm to 186 ppm (Fig. 6C). This range of
bromide overlaps the previously construed range of bromide from seawater (67 to 200 ppm).
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However, in this study we have observed sedimentary structures indicative of
evapoconcentration, desiccation, and flooding. These processes will create variations within the
bromide concentrations, comparing these observed values to seawater values. This is not
causation. This study has interpreted the Belfast Harbour Evaporite Formation as a continental
system based on the sedimentological observations, supported by stratigraphic relationships and
geochemical evidence. Therefore, this study suggests that a similarity in bromide concentration
to modern seawater does not necessarily serve as a proxy for depositional waters.

Stratigraphic context and a transition to more extreme systems
In County Antrim of Northern Ireland, there is a lithological trend consisting of clean,
bedded halite of the Permian Belfast Harbour Evaporite Formation grading upwards, through the
red, continental siliciclastics of the Sherwood Sandstone Group, into the overlying red muddy
evaporites and red siliciclastics of the Triassic Mercia Mudstone Group. The sedimentological
investigations of these rocks have confirmed a transition from a neutral continental saline lake
environment to an extreme acid (pH<3) saline lake system (Andeskie et al., 2018).
The transition from continental saline lake environment to extreme acid saline lake
systems is also present at approximately the same time period in North America. A good
example of this is in modern day Kansas, where the clean, halite-dominated Permian Hutchinson
Salt Member underlies the red siliciclastic- and evaporite-rich Permian Nippewalla Group
(Benison et al., 1998; Benison and Goldstein, 1999, 2000, 2001; Andeskie and Benison, 2019).
We hypothesize that the transition from a relatively neutral saline system to an acid saline
system, in the context of an arid climate, may be the key to the evolution of these extreme
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environments of Pangea. A long period of weathering and erosion in a neutral saline lake system
can foster the evolution of an acid saline lake system. We suggest that this process can occur
through oxidation of sulfates, ferrolysis, acidophilic microbes, and evapoconcentration. In
addition, the acidity of the systems cannot be buffered due to the paucity of carbonates.

Implication for Permian environments and climates of north eastern Pangea
This study has direct implications for the environments and climates of north eastern
Pangea, including the locations of ancient shorelines. Some studies have interpreted the Belfast
Harbour Evaporite Formation to be shallow marine based on the presence of evaporites (e.g.,
Smith, 1986; Ziegler, 1990; Mitchell, 2004), affecting the location of suggested Pangean
shorelines. However, detailed sedimentological studies of these ancient evaporites and
siliciclastics suggests that these maps should be reevaluated and designate this location as
continental.
In global geographic context, saline lake systems in arid climates were found across
much of Pangea. There is evidence of these environments spanning from modern day Kansas,
Oklahoma, the Dakotas, and Wyoming to Northern Ireland, in the Permo-Triassic (Benison et al.,
1998; Benison and Goldstein, 1999, 2001; Sweet et al., 2013; Zambito and Benison, 2013; Foster
et al., 2014; Andeskie et al., 2018). These extreme environments may be more prevalent on the
supercontinent than previously considered. We suggest that these environments were
precipitating evaporite and acid minerals, which may have been blown into shallow oceans due
to the arid climate. These extreme acid saline environments may have had an effect on the
Permo-Triassic mass extinction.
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CONCLUSION
This study provides the first sedimentological and mineralogical description of the
Permian Belfast Harbour Evaporite Formation. Methods utilized in this study include core
description, measured section, hand sample, thick section, and thin section observations, X-ray
diffraction of bulk rock and detailed clay mineralogy, and instrumental neutron activation
analyses. This formation is composed of bedded halite, anhydrite, mudstone, and cross-cut by
igneous intrusions. Based on the sedimentological and geochemical observations, we interpret
that the Belfast Harbour Evaporite Formation was formed by a continental saline lake system and
surrounding dry mudflats. Since deposition, this formation has undergone multiple diagenetic
events over time. Detailed studies on lithologies that are found within the Belfast Harbour
Evaporite Formation are of great comparative sedimentological importance for Pangean
environments and climates.
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ABSTRACT
Past studies have attempted generalized correlation of evaporite units across and among
basins with inconclusive results. Here, we compare the detailed sedimentology and stratigraphy
of the evaporite and siliciclastic units from cores that were drilled ~258 m apart in the same
basin. This study has three goals: (1) make interpretations of depositional environments and
diagenetic history of the Triassic Mercia Mudstone Group of Northern Ireland in the Gaelectric
Carnduff-01 core; (2) compare the detailed sedimentology and stratigraphy of the Carnduff-01
core with that of the Gaelectric Carnduff-02 core; and (3) use the observations from the two
cores to investigate the spatial and temporal extent of the depositional environments and
diagenetic history of the Mercia Mudstone Group.
The Triassic Mercia Mudstone Group in the Gaelectric Carnduff-01 core is 579.2 m thick
and consists of siliciclastic mudstone, bedded gypsum, displacive halite, and bedded halite.
These rocks contain multiple post-depositional features, such as dissolution pipes, halite cement,
reduction spots, and sylvite veins. The Mercia Mudstone Group likely formed in a shallow,
perennial saline lake system with associated saline mudflats, dry mudflats, and desert soils. We
were able to correlate major shifts in lithology, such as the evaporite- and mudstone-sequences,
between the two cores. However, the spatial and temporal correlation at cm-scale is not feasible.
It is not possible to trace one bed, regardless of lithology, from one core to another. This study
represents the first detailed correlative analysis of ancient acid saline lake systems. Results of
this study suggest that continental evaporite beds cannot be correlated well over moderate lateral
distances.
______________________________________________________________________________
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INTRODUCTION
The lateral stratigraphic relationships of evaporite strata deposited in continental
environments is a topic of limited study. Most knowledge of continental evaporite stratigraphy is
limited to cores from structurally-controlled tectonic basins, such as Death Valley in California,
U.S.A. or Salar de Atacama in Chile (i.e., Li et al., 1996 and 1997; Lowenstein et al., 2003).
Other studies on lateral continuity are focused on modern trench exposures of recent continental
evaporites or ancient marine-origin evaporites (i.e., Schubel and Lowenstein, 1977; Lowenstein,
1988). However, there has yet to be a study focusing on correlating ancient continental mixed
evaporites and siliciclastics at a short lateral distance. This study examines, in detail, two highrecovery cores of ancient evaporites and siliciclastics that were drilled ~258 m apart in the Larne
Basin of County Antrim, Northern Ireland in 2014 (Fig. 1). This study has three goals: (1)
describe the detailed sedimentology and stratigraphy at the cm-scale, and make interpretations of
depositional environments and diagenetic history, of the Triassic Mercia Mudstone Group in the
Gaelectric Carnduff-01 core; (2) compare the detailed sedimentology and stratigraphy of the
Carnduff-01 core with that of the Gaelectric Carnduff-02 core (Andeskie et al., 2018); and (3)
use the observations from the two cores to investigate the spatial and temporal extent of the
depositional environments and diagenetic history of the Mercia Mudstone Group. This paper
serves as one of the few case studies of mixed evaporite-siliciclastic stratigraphy deposited in a
continental setting. Implications of this study include understanding of lateral and vertical
relationships of evaporite and siliciclastic strata and how this knowledge can be used to interpret
spatial and temporal trends in ancient saline lake – mudflat – soil systems.
We hypothesize that there are vertical and lateral variations, at the centimeter- to meterscale, in detailed lithologies of the Triassic Mercia Mudstone Group between the two nearby
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cores. The Triassic depositional environments likely contained chemically complex lake water
and groundwater brines in an arid setting dominated by physical and chemical deposition. The
early diagenetic features may be facies-specific and may differ depending on the spatial and
temporal scale of deposits; late diagenetic features may be pervasive. In contrast, our alternative
working hypothesis is that there are no lateral variations in lithologies between cores and that
diagenetic features are not dependent upon facies.

Scientific Significance
In order to interpret past depositional environments and diagenetic features, evaporites
need to be observed in detail. Most ancient evaporites do not preserve well in outcrop due to
their chemical vulnerability. Subsurface expression of ancient evaporites at moderate depths are
most complete and best preserved (Benison et al., 2015). Typically, one high-recovery core is
sufficient to complete a detailed study of depositional environment and diagenetic history (i.e.,
Benison and Goldstein, 2000; Li et al., 1996). High-recovery cores containing ancient evaporites
are uncommon due to the difficulty in retrieving soluble rocks by drilling; having two highrecovery evaporite cores drilled close to one another is quite rare. The high recovery and 258meter lateral distance between the Carnduff-01 and -02 cores provides an exceptional
opportunity to understand lateral and vertical stratigraphic relationships of mixed evaporitesiliciclastic strata. This study represents the first correlative analysis of ancient acid saline lake
systems. Sedimentological analysis of these rocks holds scientific significance in regard to the
interpretations of Pangean environments and climates and their lateral extents (Fig. 2).
The knowledge of evaporite stratigraphy has practical implications for science and
industry. The oil and gas industry commonly rely on evaporites as marker beds that serve as
stratigraphic traps. Salts continue to be evaluated as potential subsurface storage repositories for
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liquids and gases. Future scientific drilling projects of chemical sedimentary rocks will rely on
detailed understanding of ancient evaporite stratigraphy. The results of this study of the Triassic
Mercia Mudstone Group of Northern Ireland can serve as important background information for
various scientific and economic applications.

BACKGROUND
Larne Basin
The NE-SW-trending Larne Basin stretches from Northern Ireland to southwestern
Scotland. The Permian and Triassic stratigraphy of this basin contains the Permian Enler Group,
the Permian Belfast Group, the Permo-Triassic Sherwood Sandstone Group, the Triassic Mercia
Mudstone Group, and the Triassic Penarth Group (Fig. 3). The Larne Basin has been interpreted
as an extensional basin with beds dipping to the northwest (Griffith and Wilson, 1982; Shelton,
1997; Benton et al., 2002;). The sedimentary rocks within this basin are cross-cut by Tertiaryaged igneous intrusions (Griffith and Wilson, 1982).

General Permian and Triassic stratigraphy of the Larne Basin
In the subsurface, the lowest strata of the Permian and Triassic sequence in the Larne
Basin in Northern Ireland is the Permian Enler Group. These rocks are composed of
conglomerate and sandstone lithologies and have been interpreted as alluvial fan deposits (BGS
Lexicon; Naylor, 2003; Mitchell, 2004).
The Permian Belfast Group conformably overlies the Enler Group in the subsurface of
the Larne Basin. The Belfast Group contains three formations: (1) the Magnesian Limestone
Formation, (2) the Belfast Harbour Evaporite Formation, and (3) the White Brae Mudstone
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Formation. The Magnesian Limestone Formation is a grayish yellow, sandy limestone unit with
abundant gastropod and bivalve fossils (Mitchell, 2004). The Belfast Harbour Evaporite
Formation is ~175 m thick in the Islandmagee-01 core of Antrim County and is composed
mainly of bedded halite, with some siliciclastic mudstone and anhydrite units. It formed in
shallow saline lakes and surrounding dry mudflats (Andeskie and Benison, in prep.). The White
Brae Mudstone Formation is dominated by anhydrite and siliciclastic mudstones (Mitchell,
2004). The White Brae Mudstone Formation contains miospore assemblages determined to be
middle Permian (Guadalupian) to late Permian (Lopingian) age (Warrington, 1995).
In the Larne Basin, the Permo-Triassic (?) Sherwood Sandstone Group is composed of
red, yellow, and brown quartz sandstones dominated by bimodal grain size distribution, fining
upward sequences, trough cross-bedding, and channel forms in core (BGS Lexicon; Chambers,
2016; Schmid et al., 2006). There are rare conglomerates present, as well. These rocks have been
interpreted as eolian, fluvial, and alluvial deposits (Cowen, 1993; Buckman et al., 1998).
The Triassic Mercia Mudstone Group, ~600 m thick in the subsurface of the Larne Basin,
is composed of red mudstone, bedded halite, bedded gypsum, and displacive halite. Outcrops of
the Mercia Mudstone Group are thin and poorly preserved in Northern Ireland, likely due to
dissolution of halite beds and halite cements in the humid climate. The Mercia Mudstone Group,
as described in the Carnduff-02 core, was deposited by an acid saline lake system, including
perennial acid saline lakes, saline mudflats, dry mudflats, and desert soils (Andeskie et al., 2018).
The Carnduff-01 core, another core drilled in 2014 by Gaelectric Energy Storage Ltd. near
Larne, County Antrim, also provides high-quality samples of the Mercia Mudstone Group. The
Carnduff-01 core has yet to be the subject of sedimentological and stratigraphic examination.
The Mercia Mudstone Group in the two Carnduff cores are the focus of this study.
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The Mercia Mudstone Group has been dated only in the Cheshire Basin of England,
using magnetostratigraphy of high-resolution cores, with age ranges estimated from Middle
Triassic (Anisian) to middle Late Triassic in age (Norian; Warrington, 2005; Warrington et al.,
1999). The lithological characteristics of the Mercia Mudstone Group vary between the Larne
Basin and Cheshire Basin (Andeskie et al., 2018), suggesting that the rocks may represent
different depositional environments and perhaps ages in the two basins.
The Triassic Penarth Group unconformably overlies the Mercia Mudstone Group in the
subsurface of the Larne Basin. This stratigraphic unit is composed of blue, gray, and black
siliciclastic shales and carbonates with marine fossils, including dinoflagellate cysts, corals,
brachiopods, bivalves, echinoderms, and ichthyosaurs. The presence of these fossils not only
assists in environmental interpretation but also provides age constraints, confirming the Rhaetian
age (~200-203 Ma) for the Penarth Group (Benton et al., 2002).

Gaelectric core recovery
The cores used for this study, Carnduff-01 and Carnduff-02, were both drilled by
Gaelectric Energy Storage Ltd. in 2014 near Larne, County Antrim, Northern Ireland. The
Carnduff-01 core was drilled at 54.837° N, 5.819° W. The Carnduff-02 core was drilled at
54.839° N, 5.821° W. These cores are located 258 m apart from one another. The drilling fluids
were fully saturated with a NaCl-rich brine before evaporite units were reached, resulting in a
high recovery rate for each core (88.2% and 92.7% recovery for Carnduff-01 and Carnduff-02,
respectively). The original purpose for drilling the core was to evaluate subsurface locations for
compressed air energy storage. Gaelectric Energy Storage Ltd. only made gross measured
sections of unslabbed core, simply estimating abundance of salt and mud. Since drilling, the
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cores have been stored in plastic sleeves at the Belfast core storage facility of the Geological
Survey of Northern Ireland to prevent the evaporites from dissolving in the humid climate.

METHODOLOGY
The Carnduff-01 and Carnduff-02 cores were prepared, studied, and sampled from the
Geological Survey of Northern Ireland core repository, respectively, in the summers of 2017 and
2015. We slabbed the cores vertically using a DeWalt D24000S wet tile saw with limited water
directed at blade and away from sample. The core slabs were approximately 1-2 cm thick. Core
slabs were observed and sedimentary textures, sedimentary structures, any fossils, any reaction
to HCl, obvious minerals, and diagenetic features were noted in cm-scale measured sections and
used to make stratigraphic columns. Colors were identified using a Munsell Soil Chart. Core
slabs were photographed and representative lithologies were sampled and mailed to West
Virginia University for X-ray diffraction analyses.
Selective samples of both Carnduff-01 and Carnduff-02 were crushed and prepared and
West Virginia University and mailed to K-T Geoservices for bulk and detailed clay powder Xray diffraction analysis. In each core, three samples at similar depths and lithologies were
analyzed for bulk and detailed clay mineralogy, resulting in a total of six samples.
Results from sedimentological observations of the Carnduff-02 core were presented in
Andeskie et al. (2018), which interpreted the Mercia Mudstone rocks in this core as acid saline
lake, saline mudflat, and dry mudflat deposits, as well as desert paleosols. No previous
publications exist on the geology of the Carnduff-01 core. This study focuses first on describing
the Carnduff-01 core and then comparing it to the Carnduff-02 core.
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RESULTS
Sedimentology of the Gaelectric Carnduff-01 core
The Triassic Mercia Mudstone Group is found from 921.1 – 342 m in the Carnduff-01
core, with a total thickness of 579.2 m. In this core, the Mercia Mudstone Group is composed of
siliciclastic mudstone (48.7%), bedded gypsum (21%), displacive halite (12.3%), bedded halite
(3.5%), undifferentiated bedded (?) evaporites (2.1%), mud-halite conglomerate (0.4%), and
sandstone (0.2%). A cumulative total of 11.8% of the core was missing (Fig. 4). In the Carnduff01 core, 88.2% of the Mercia Mudstone Group was recovered.

Bedded Halite and Bedded Gypsum Lithologies
The bedded halite lithology comprises 20.4 m, or 3.5 % of recovered thickness of the
Mercia Mudstone Group in the Carnduf-01 core. It is dark reddish brown to reddish brown in
core slabs due to abundant red mud inclusions (5YR 3/2; 5YR 3/3; 5YR 4/2; Fig. 5A). The
bedded halite units have sharp contacts with underlying and overlying lithologies. Halite beds are
composed of bottom-growth, chevron crystals that are approximately 1 cm tall and are
distinguished by growth bands composed of primary fluid inclusions. The chevron crystals are
commonly draped with red-brown siliciclastic mud. The bedded halite lithology contains clear
halite-filled, cylindrically-shaped dissolution pipes which cross-cut primary textures, such as
fluid inclusion growth bands. A white clay accumulated on the saw blade while the bedded halite
was cut (2.5YR 8/1).
The bedded gypsum lithology comprised 121.8 m (~21%) of the Mercia Mudstone Group
in this core and, like the bedded halite, is translucent dark reddish brown to reddish brown (5YR
3/2; 5YR 4/3; Fig. 5B). This lithology is composed of large, 2-3 cm tall, “V” shaped swallowtail
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gypsum crystal shapes that have been replaced with halite. The tops of bedded, bottom-growth
gypsum crystal pseudomorphs are draped with a dark reddish brown and greenish gray mud
(5YR 3/2; GLEY1 5/N). The bedded gypsum lithology has sharp contacts with underlying and
overlying units.
For some evaporite strata, the bedded nature of the evaporites were observed. However, it
was difficult to differentiate the specific lithology due to unclear crystal boundaries of the
chevron-shaped halite crystals and swallowtail-shaped gypsum pseudomorphs. These
undifferentiated bedded evaporite units were typically composed of approximately 70%
evaporites and 30% siliciclastic mudstone. The evaporites are a variety of red colors (2.5YR 4/1;
GLEY1 5/N; 2.5YR 4/2; 5YR 4/2; 5YR 3/2). The siliciclastic mudstone has variations of
greenish-gray and dark reddish-brown (GLEY1 7/10Y; GLEY1 7/1; 5YR 3/2). Based on the
challenge of differentiating the evaporite lithologies, we labeled these units as “undifferentiated
evaporites”. This lithology comprised 11.9 m, or 2.1%, of the group.

Displacive Halite Lithology
In the Carnduff-01 core, there is a total of 71.1 m (12.3%) of displacive halite lithology in
the Mercia Mudstone Group. This lithology is composed of brown, cubic halite crystals
randomly organized in a reddish brown or greenish gray siliciclastic matrix (5YR 5/4; GLEY1
7/1; Fig. 5C). The displacive halite crystal abundances within this lithology range from as little
as ~10% to as much as ~90% of the rock. The cubic halite crystals are 0.25 cm2 to ~2 cm2 in
size. The mudstone matrix is well-sorted in regard to grain size. The displacive halite lithology
has sharp upper and lower contacts.
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Siliciclastic Mudstone Lithology
Siliciclastic mudstone lithology comprised 281.9 m, or 28.7%, of the Mercia Mudstone
Group in the Carnduff-01 core. This lithology is dominantly reddish brown in color with some
greenish gray units (5YR 5/4; GLEY1 7/1). The borders between these colors has been observed
as both sharp and gradational horizontal contacts. Some mudstone units contain a variety of
sedimentary structures, including mudcracks, dewatering structures, 0.5 cm tall climbing ripple
cross-laminations, wavy discontinuous lamina, intraclasts, rare crinkly laminations, and soil
slickenslides (Fig. 5D). Other siliciclastic mudstone units are massive (Fig. 5E).

Sandstone Lithology
The sandstone lithology is present within three separate beds and cumulatively composes
0.9 m, or 0.2%, of the 579 m of the Mercia Mudstone Group in this core. The sandstone is
whitish gray in color and composed of medium sand grains (2.5YR 8/1). Most grains are quartz.
The grains are well rounded and highly spherical, and have a bimodal grain size distribution.
These sandstone beds are massive and have sharp contacts with other units.

Mud-halite Conglomerate Lithology
One unit at the base of the Mercia Mudstone Group is composed of 90-95% cloudy, pale
red (2.5YR 5/2) halite with a fibrous texture and 5-10% angular clasts of mudstone. The color of
the mud clasts changes up section from greenish gray (GLEY1 7/1) to reddish brown (5YR 5/4).
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The mud clasts are randomly oriented in the halite matrix. This unit has sharp contacts with
vertically adjacent units. This unit is 11.9 m thick and comprised 0.4% of the Mercia Mudstone
Group in the Carnduff-01 core. We labelled this lithology as the “mud-halite conglomerate
lithology”.

Mineralogical analysis of the Mercia Mudstone Group
The Mercia Mudstone Group is composed of halite, quartz, illite, mica, plagioclase,
dolomite, anhydrite, K-feldspar, kaolinite, and chlorite, with trace levels of gypsum, calcite,
hematite, and Fe-dolomite. Samples from the same lithologies at similar depths in both cores
were analyzed to compare similarities. For example, a siliciclastic mudstone sample in the
Carnduff-01 core at 459.4 m was composed of 38% dolomite, 17% undifferentiated illite and
mica, 15.3% quartz, 10.5% K-feldspar, 7.1% plagioclase, 3.9% halite, 2.7% chlorite, 2%
hematite, 1.8% kaolinite, 1% mixed-layer chlorite and smectite, and 0.4% calcite. In the
Carnduff-02 core, a siliciclastic mudstone sample at 425.2 m was composed of 29%
undifferentiated illite and mica, 22% mixed-layer chlorite and smectite, 12% quartz, 11%
dolomite, 7.9% plagioclase, 7.7% halite, 3% hematite, 2.8% chlorite, 2.7% K-feldspar, and 2%
kaolinite. In addition, samples at two other similar depths in the cores are compared in Table 1. It
is important to note the current mineralogy percentages reflect diagenetic changes.

Post-depositional features
The Triassic Mercia Mudstone Group includes both early- and late- stage diagenetic
features. All lithologies contain some halite diagenetic features. Clear, halite-filled, cylinders are
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found in the bedded halite lithology. These cylinders cross-cut primary textures, such as fluid
inclusion growth bands in chevron halite crystals. In the displacive halite lithology, the
displacive halite crystals are considered syndepositional due to the random orientation of halite
in a siliciclastic sediment matrix. Halite cements fill intergranular pores within the displacive
halite, the mudstone, and the sandstone lithologies.
The siliciclastic mudstone also contains evidence of early/water-rock interaction aside
from the intergranular halite cement. The mudstone contains ~0.25-2 cm wide, round shapes
defined by a lighter greenish gray color (GLEY1 8/10Y), distinctive in the red-brown rock. Rare
gray spots contain a black “bulls-eye” center.
The mud-halite conglomerate lithology is composed of 90-95% cloudy, pale red halite
with a fibrous texture and 5-10% randomly organized, angular clasts of mudstone. The fibrous
texture of the halite is not primary, and therefore a post-depositional feature.
Several late-stage diagenetic features are found in the Carnduf-01 core. Halite
pseudomorphs after gypsum suggest that halite replaced bottom-growth, vertically-oriented,
swallowtail gypsum crystals. Another late-stage diagenetic feature observed is sylvite veins.
Reddish-yellow sylvite (KCl) veins range from 1 to 5 cm wide and crosscut all lithologies within
the Mercia Mudstone Group (5YR 7/8). Finally, the most recent diagenetic feature observed was
mm-scale gypsum needles found on the outside of the few meters of unslabbed cores not stored
in plastic sleeves. All three late diagenetic features involve evaporite minerals that likely
resulted from water-rock interactions.
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INTERPRETATION
Depositional environment of the Mercia Mudstone in the Gaelectric Carnduff-01 core
The Triassic Mercia Mudstone Group in the Gaelectric Carnduff-01 core was deposited
as a saline lake system, including shallow, acid, perennial saline lakes, saline mudflats, dry
mudflats, and desert soils.
The saline lake interpretation is based on the characteristics of both the bedded halite and
bedded gypsum lithologies. Both consist of bottom-growth crystals. Beds of chevron halite
crystals and swallowtail gypsum crystals are interpreted to have precipitated in a shallow saline
surface water (Arthurton, 1973; Hardie and Eugster, 1971; Hardie, 1984; Benison et al., 2007).
The presence of in situ chevrons and/or swallowtail crystals and dissolution pipes within the
bedded halite lithology suggests periods of evapoconcentration and flooding, respectively.
Shallow saline surface water depths are consistent with these sedimentary characteristics
(Schubel and Lowenstein, 1997). Because these bedded halite and bedded gypsum units are
underlain and overlain by siliciclastics and a paucity of carbonate grains, it is more likely that
parent surface waters were lake brines rather than seawater. Furthermore, paucity of carbonates
and presence of associated iron oxides suggests that saline lake waters were acid-neutral and not
alkaline (Benison and Goldstein, 2002). Lack of efflorescent crusts suggests that lakes, although
shallow, did not desiccate. We interpret the bedded halite and bedded gypsum as perennial
shallow saline lake deposits rich in Na, Cl, Ca, and SO4.
The displacive halite lithology likely formed in saline mudflats. Displacive halite crystals
grow in mudflat sediment that is saturated by saline groundwater (Smith, 1971; Casas and
Lowenstein, 1989; Smoot and Lowenstein, 1991). Saline mudflats are low relief, vegetation-poor
areas adjacent to saline lakes. In saline mudflats, evaporite crystals precipitate very early
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diagenetically from groundwater brines only cm below surface, in an unlithified clastic sediment.
Displacive halite lithologies commonly represent ancient saline mudflats (Benison et al., 2015).
Dry mudflats deposited siliciclastic mudstone and sandstone units. Mudstone units rich in
sedimentary structures, such as intraclasts, discontinuous lamina, mud cracks, and ripple crossbedding are interpreted to have formed in dry mudflat settings by short-lived subaqueous
deposition by sheet floods, followed by desiccation (Lowenstein and Hardie, 1985; Benison et
al., 2007). In contrast, the massive mudstones may have been formed in dry mudflats as a result
of eolian deposition. Both types of siliciclastic mudstone are characteristic of dry mudflat
environments. These are low-relief, typically subaerial areas with only occasional, short-lived
surface waters. Dry mudflats typically have a low water table compared to higher water table in
adjacent saline mudflats. The three quartz sandstone beds are also interpreted as aeolian deposits
due to their well-sorted, well-rounded, spherical grains and bimodal grain size distribution. We
interpret the sandstone to have been deposited in the dry mudflat facies as well.
The desert paleosol interpretation is based on mudstone units containing soil slickensides
and reduction spots (Retallack and Wright, 1990; Mack et al., 1993). The soil slickensides are
indicative of repeated shrinking and swelling that occurs by wetting and drying of soils
containing clay minerals. Reduction spots are a diagenetic feature that were likely caused by
bleaching of Fe-oxide minerals by localized reducing conditions, such as is common with decay
of roots and other organic matter. These paleosol features indicate that these mudstone units
underwent pedogenesis before lithification. The mineralogy, sedimentary textures, and paucity
of organic matter suggest that these were most likely deposited as dry mudflats.
In this study, the general interpretation of the Mercia Mudstone Group being deposited by
shallow, acid, perennial saline lakes, saline mudflats, dry mudflats, and desert soils is based on
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the observations of the Carnduff-01 core. The depositional environment interpretation is the
same for the Triassic Mercia Mudstone Group found in the Gaelectric Carnduff-02 core
(Andeskie et al., 2018).

Diagenetic history
There are a variety of early diagenetic features present. Clear, halite-filled cylinders are
interpreted as dissolution pipes. The dissolution pipes formed during periods of flooding, in
which rain and runoff partially dissolved previously-precipitated halite (Benison et al., 2007).
The displacive halite lithology is also considered a very early diagenetic feature (Smith, 1971;
Casas and Lowenstein, 1989; Smoot and Lowenstein, 1991; Benison et al., 2015).
Halite cements siliciclastic grains in the displacive halite, mudstone, and sandstone
lithologies. The mudstone lithology also contains round shaped reduction spots. Water-rock
interactions in red mudstones caused bleaching by reducing units. The basal unit of mud clasts in
a halite matrix is interpreted to be a collapse breccia (Andeskie et al., 2018).
Late-stage diagenetic features in the Mercia Mudstone Group in the Carnduff-01 core
includes halite pseudomorphs after gypsum and sylvite veins. Although the mineralogical
analyses by XRD shows little gypsum currently in the Mercia Mudstone Group, hand-sample
and petrographic observation recognition of swallow-tail pseudomorphs indicate that gypsum
was abundant as a chemical sediment. The most recent diagenetic features are elongated gypsum
needles on unbagged, unslabbed core pieces, which formed after coring.
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Similarities of the Carnduff-01 and Carnduff-02 core
There are many general similarities between the Carnduff-01 and Carnduff-02 cores. The
dominant lithologies described in this study of the Carnbduff-01 core, including bedded halite,
bedded gypsum, displacive halite, and mudstone, are also present in the Carnduff-02 core
(Andeskie et al., 2018). The mineralogies in each core are similar, including halite, quartz,
undifferentiated illite and mica, plagioclase, dolomite, anhydrite, K-feldspar, kaolinite, and
mixed-layer chlorite/smectite, with trace levels of gypsum, calcite, hematite, and Fe-dolomite.
From the base to the top, the Mercia Mudstone Group in both cores contains basal siliciclastics,
then alternating units bedded halite, bedded gypsum, and displacive halite, and are capped by
siliciclastics. The majority of diagenetic features are similar in both the Carnduff-01 and
Carnduff-02 cores (Andeskie et al., 2018).
Most importantly, the dominant lithologies are interpreted to have formed in three main
facies: (1) saline mudflats, (2) alternating saline lakes/saline mudflats, and (3) dry
mudflats/desert soils (Fig. 6). These lithofacies are of similar thickness, as well as stratigraphic
succession, in each core. In addition, the diagenetic features are similar in each core. The
sedimentological and stratigraphic differences of the Mercia Mudstone Group are only noted
within the cm-scale observations of the lithologies.

Differences of the Carnduff-01 and Carnduff-02 core
There are multiple differences between the two cores (Fig. 7 and 8). One major difference
is color variation. The siliciclastics in Carnduff-02 core tend to be redder than the colors in
Carnduff-01 core (Fig. 9 and Fig. 10A and B). This color difference may be caused by slightly
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higher abundance of hematite in the Carnduff-02 core compared to the Carnduff-01 and could
reflect spatial heterogeneity in groundwater chemistry (Table 1).
There are also variations in the abundancies of individual lithologies between cores.
There is less displacive halite and bedded gypsum, by cumulative thickness of units, in the
Carnduff-01 core than the Carnduff-02 core. There are fewer paleosols and pedogenic features in
Carnduff-01 core. There are no igneous intrusions found in the Carnduff-01 core, but igneous
intrusions are observed in the Carnduff-02 core. The presence or absence of igneous rocks in
cores may be due to the exact shape of the intrusion and/or the angle of the dike/sill at the point
where it cross-cut the sedimentary units of the core.
The evaporite sequences of bedded gypsum, bedded halite, and displacive halite start at
different depths in the Carnduff cores (Fig. 7). There is a 22.4 m vertical offset between
shallowest depth of evaporites. The evaporite lithologies, including bedded gypsum, bedded
halite, and displacive halite, have a maximum offset of 40.2 m in the core (Fig. 8). We
considered whether dip of beds in the basin could be responsible for this. However, a 22 to 40 m
offset would require a ~40-degree dip, which is highly unlikely and is not seen in vertical cores.
It is more likely that this offset could be caused by topographic relief during deposition. Saline
lakes formed at the topographically lowest parts of the landscape. The topography liked changed
over time at any one spot due to eolian deposition and erosion, as well as early near surface
cementation. Modern shallow acid saline lake systems over a laterally extensive, low relief area
of Western Australia are a good analog (Benison et al., 2007).
The spatial and temporal correlation of individual beds are not realistically feasible for
the lithofacies of the Mercia Mudstone Group. It is not possible to trace one bed, regardless of
lithology, from one core to another, even over the relatively short lateral distance of 258 m. We
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have also attempted correlation through chemostratigraphy using limited XRD data (Table 1).
The mineralogical abundances do not correlate between the cores; however, the XRD data set
was limited to only six samples. In addition, mineral abundances can be spatially heterogenous
due to the nature of localized deposition and diagenesis. These lateral differences can be
considered characteristic of continental deposits. Saline lake systems are temporally and spatially
dynamic environments. The bedded evaporites would form in the topographically lowest points,
or the depocenters. The other lithologies will remain adjacent to the bedded evaporites. Wind
likely played a big role in forming high topography. The combined co-occurring physical and
chemical sedimentation, and rise and fall of saline groundwater, caused migration of facies over
relatively short time periods. Saline lakes and adjacent mudflats shifted laterally, resulting in the
bedded evaporites, displacive halite, mudstones, and paleosols seen in the Carnduff-01 and
Carnduff-02 cores.

DISCUSSION
How does this study help inform spatial and temporal extent of environments of Pangea?
This study couldn’t correlate rock units within ~258 m in the same basin. Correlation of
some continental evaporite deposits of Pangea is not feasible from one basin to another. Only
with more continental drilling projects sensitive to recovery of evaporites can we better
determine the specific dimensions of environments of Pangea.
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Why is there a change in the abundance of displacive halite?
There is significantly less displacive halite within the Carnduff-01 core (12.3% of group)
compared to the Carnduff-02 core (27.6% of group). This trend may suggest that the location of
the Carnduff-02 core had less saline groundwaters from flooding. In desert environments, it is
typical to have isolated rain events that may have led to flooding of groundwaters at one core
location, and not the other. Water chemistry fluctuations from flooding and evapoconcentration
will respectively affect the dissolution or precipitation of displacive halite.
Another explanation of differences in abundance of displacive halite is a lower saline
groundwater table during the deposition of the Carnduff-01, in contrast to the Carnduff-02. This
may be caused by topographic changes in the landscape. Due to the arid climate, the
groundwater table profile will be inverse to the topography. In addition, the aridity will increase
deflation which create variability in the topographic lows and highs. Therefore, if the topography
is higher, the groundwater table will be lower, forcing less precipitation of displacive halite.
A third cause of different thicknesses of displacive halite lithologies between the two
cores is erosion. The sharp upper contacts of lithological units may indicate that the original
thickness of some displacive halite units were not preserved. Erosion by winds or sheet floods
may have truncated units differentially.

Comparing and contrasting to modern environments
Modern environments containing evaporites, such as the Yilgarn Craton of Western
Australia and Death Valley National Park, are not laterally homogenous nor extensive. Facies
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may change within a meter across these landscapes. However, there has not been access to two
cores of ancient continental evaporites drilled within the such small lateral distances.
In southern Western Australia, the landscape is dotted with acid saline lakes and
associated environments that are dominated by dynamic surface processes, in regard to both
chemical and physical processes. We hypothesize that the acid saline lake systems of Western
Australia are the best modern analog from the Triassic Mercia Mudstone Group. Each acid saline
lake system contains a saline lake, saline mudflat, dry mudflat, and desert soils. However, the
lakes undergo periods of flooding, evapoconcentration, and desiccation at different times due to
highly localized rain events (Benison et al., 2007). In addition, the lake water chemistry varies
from lake to lake. The tectonic setting of southern Western Australia is tectonically stable;
however, it would not be feasible to correlate the individual beds of these lakes from one to
another in the rock record due to their low-relief topography changed frequently by dynamic
physical and chemical processes.
There is an evaporite and siliciclastics core record from both Death Valley and Saline
Valley (Li et al., 1996, 1997). However, these two valleys are located in an active, extensional
setting. This tectonic setting results in the valleys acting as different depocenters. The cores
represent a similar trend of lithofacies, from perennial lakes to ephemeral saline lake systems.
However, the individual beds are not correlative due to their lateral discontinuity.
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Was there one large lake or multiple lakes?
Many studies completed on evaporites are only focused on one core, due to the large
financial expense of drilling multiple cores. A single core may contain various bedded
evaporites, such as alternating bedded halite, bedded gypsum, and displacive halite. One
common assumption has been that these evaporites are deposited by one large lake or other water
body, due to our lack of detailed sedimentological insight regarding spatial and temporal extent
of evaporites.
This study provides evidence that multiple shallow acid saline lakes deposited the
evaporite beds within the Mercia Mudstone Group. Laterally discontinuous beds may be
responsible for our inability to correlate individual beds of halite and gypsum. The two Carnduff
cores suggest that the Triassic landscape was scattered with saline lakes, saline mudflats, dry
mudflats, and soils that shifted laterally over time. The exact rate of deposition and the rate of
shifting facies is unknown due to: 1) poor dating; and 2) record loss from dissolution and
erosion. In Western Australia, very rapid deposition of halite has been observed in acid saline
lake systems, with rates up to at least 48 cm per 6 months. However, the accumulation rates of
sediment here was highly inconsistent and there are also high rates of dissolution. In the Mercia
Mudstone Group, we cannot be sure of accumulation rates, but we can be certain of laterallyshifting saline lakes, saline mudflats, dry mudflats, and soils due to the alternating stratigraphic
succession.
Structurally active vs stable setting?
Some studies interpret rifting in Northern Ireland as early as the late Permian (Tate and
Dobson, 1989). Other studies interpret rifting in Ireland during and after the Triassic (Ruffell and
Shelton, 1999; Bulois et al., 2018). It is not clear whether the Triassic Mercia Mudstone Group
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was deposited in an active rift basin. This core study provides some insight on this geologic
problem. One would expect that a structurally active setting would have faulting and alluvial
fans. There is no evidence any distinct offset in lithology that would be considered evidence of
faulting, within either core. Modern, structurally active, extensional basins, such as Death
Valley, typically have coarse-grained alluvial fans flanking either side of the grabens. There are
no coarse-grained siliciclastics within the Mercia Mudstone Group. The only evidence of rifting
is in the form of basaltic igneous intrusions in the Carnduff-01 core. However, these intrusions
cross-cut all Mercia Mudstone Group rocks, and have come after the Triassic and during the
Paleogene (Holford et al., 2009). These observations can support an interpretation that the
Mercia Mudstone Group may have been deposited in a stable setting, either pre- or post-rifting.

CONCLUSION
The Triassic Mercia Mudstone Group is composed of bedded halite, bedded gypsum,
displacive halite, and mudstone. This study confirms the previous interpretation of the Triassic
Mercia Mudstone Group as a saline lake system including saline mudflats, dry mudflats, and
paleosols (Andeskie et al., 2018). This study expands on this depositional environmental
interpretation by observing the spatial and temporal extent by studying the group in two cores.
The overall facies, such as alternating saline lake and saline mudflats and dry mudflats, follow
the same trends within the two cores. However, the individual beds of halite, gypsum, and
mudstone cannot be correlated. The early diagenetic features are facies-specific and the later
diagenetic features are present regardless of lithofacies. This study highlights the heterogenous
behavior of continental deposits in the rock record and provides insight on past environments of
Pangea.
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Figure 9: Comparison of bedded halite and bedded gypsum lithologies of the Triassic Mercia
Mudstone Group in Carnduff-01 and Carnduff-02 cores. A) Bedded halite in Carnduff-01
core at 841 m. B) Bedded halite in Carnduff-02 core at 871 m. C) Bedded gypsum in Carnduff-01 core at 798 m. D) Bedded gypsum in Carnduff-02 core at 842 m.
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Figure 10: Comparison of siliciclastic-rich lithologies of the Triassic Mercia Mudstone
Group in Carnduff-01 and Carnduff-02 cores. Mudstone lithologies are compared in A and
B. A) Mudstone lithology with mudcrack and ripples from 901.3 m deep in the Carnduff-01
core. B) Mudstone lithology with dewatering structures and rippples from 966.1 m in
Carnduff-02. Displacive halite lithologies are compared in C and D. C) Displacive halite in
gray mud at a depth of 878.9 m in Carnduff-01. D) Displacive halite in gray mud at a depth
of 889.6 m in Carnduff-02.
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CHAPTER 5: CONCLUSION
This dissertation aims to address the geological evolution, geographic extent, and
longevity of Permo-Triassic extreme acid saline lake and groundwater systems of the Permian
Nippewalla Group of Kansas and the Triassic Mercia Mudstone Group of Northern Ireland. In
order to better understand the evolution of these extreme systems, this dissertation observes the
underlying rock units, including the Permian Hutchinson Salt Member of Kansas and the
Permian Belfast Harbour Evaporite Formation.
The second chapter, entitled “Using sedimentology to address the marine or continental
origin of the Permian Hutchinson Salt Member of Kansas”, was published in the journal
Sedimentology. The Permian Hutchinson Salt Member of Kansas is dominated by bedded halite
and contains minor siliciclastic mudstone, displacive halite, bedded gypsum/anhydrite, and
displacive gypsum/anhydrite. The Permian Hutchinson Salt Member was deposited in ephemeral
saline lakes and adjacent wet and dry mudflats. These environments underwent periods of
flooding, evapoconcentration, and desiccation in an arid climate. This first detailed
sedimentological study of the famous Hutchinson Salt Member found that continental deposition
was most likely, as opposed to the traditional interpretation of marine depositional environment.
The third chapter, entitled “A missing link in mid-late Permian record of northeastern
Pangea: a sedimentological evaluation of the Permian Belfast Harbour Evaporite Formation of
County Antrim, Northern Ireland”, is projected for the journal Palaeogeography,
Palaeoclimatology, Palaeoecology. The Belfast Harbour Evaporite Formation is composed of
bedded halite and contains some siliciclastic mudstone and bedded anhydrite. This formation
formed from ephemeral saline lakes with associated dry mudflats in an arid climate. This is the
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first study completing sedimentological observations and interpreting depositional environment,
paleoclimate, and diagenetic history for the undescribed Permian Belfast Harbour Evaporite
Formation.
The fourth chapter, entitled “Is detailed correlation feasible in continental evaporite
systems? Example from the Triassic Mercia Mudstone Group of County Antrim, Northern
Ireland” will be submitted to the Journal of Sedimentary Research. This study is an extension of
my Master’s thesis on the Gaelectric Carnduff-02 core, which interpreted the Mercia Mudstone
Group as acid saline lakes and associated deposits (Andeskie et al., 2018). Here, I describe, for
the first time, the Carrnduff-01 core and compare it to the Carnduff-02 core in an attempt to
understand spatial stratigraphic relationships. This manuscript will be the first publication
comparing vertical and lateral variations from two high-recovery cores that are located 258 m
apart, including the variations of lithologies, including siliciclastic mudstone, bedded gypsum,
displacive halite, and bedded halite, and interpreted depositional environment and diagenetic
history. This study yielded that major lithofacies can be correlated, however, it is not feasible to
correlate individual beds of evaporite and siliciclastics on a cm-scale. This chapter illuminates
that the landscape of Pangea, now located in modern day Northern Ireland, was dotted with
ephemeral shallow acid saline lakes, saline mudflats, dry mudflats, and soils. The importance of
this manuscript is twofold: (1) it provides details about stratigraphy of an ancient sequence of
evaporite-siliciclastic rocks, an unusual knowledge base given the rarity of high-recovery
continental evaporite cores from close within the same basin; and (2) it refines our
understanding of a time and place in Pangea that may coincide with a major mass extinction and
an unusually warm, arid climate.
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Collectively, these chapters define Permo-Triassic continental environments and climates
in western equatorial and northern sub-equatorial (?) Pangea. This research contributes essential
information in regard to the development of extreme acid saline lake systems. The extremely
acid and saline lake systems represented by Permo-Triassic red beds and evaporites, such as the
Nippewalla Group of Kansas and the Mercia Mudstone Group of Northern Ireland, were
preceded by saline neutral lakes that formed the Hutchinson Salt Member and the Belfast
Harbour Evaporite Formation. Paucity of carbonates is notable in both the underlying neutral and
overlying acid deposits. This dissertation interprets that in order to form an extreme acid saline
continental system, there first needs to be a long period of weathering and erosion in a
continental setting under an arid climate.
The extreme acid saline lake systems of Western Australia serve as the best-known
modern analog for the Triassic Mercia Mudstone Group and the Permian Nippewalla Group. The
Yilgarn Craton of southern Western Australia hosts acid saline lake systems, including saline
lakes, saline mudflats, dry mudflats, and desert soils. These modern environments are producing
bedded halite, bedded gypsum, displacive halite and gypsum, and fine-grained red siliciclastics.
These acid saline lakes undergo flooding, evapoconcentration, and desiccation cycles (Benison et
al., 2007). The landscape is dotted with these acid saline lakes and associated mudflats, dunes,
and desert soils. Lake and groundwater chemistry are variable. The evolution of these acid
brines is feasible from a long period of continental weathering and erosion in an increasingly arid
climate (Bowen and Benison, 2015). However, although the main physical and chemical
depositional processes and products compare favorably between the ancient and modern acid
saline lake systems, there are some important differences. The major difference between the acid
saline lakes of Western Australia and the Permo-Triassic acid saline lakes of Kansas and
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Northern Ireland is the underlying geology. Western Australia acid saline lake systems formed
on an Archean craton of igneous and metamorphic rocks with little, if any, sediment; in contrast,
Pangean acid saline lake systems formed on thick packages of sedimentary rocks, containing
siliciclastics and evaporites. We hypothesize that the thick, underlying package of Pangean
sedimentary rocks represented a long period of continental weathering, erosion, and saline water
deposition in an increasingly arid climate, fostering the evolution of the extreme acid saline lake
systems.
A hypothesis that may be tested in the future is that acid saline lake systems evolved first
in western Equatorial Pangea, as represented by the Permian Nippewalla Group in Kansas and
Opeche Shale in North Dakota, and later expanded to northern subequatorial Pangea, as
represented by the Triassic Mercia Mudstone Group of Northern Ireland. This hypothesis is
based on the tentative ages of the rocks. The transition of a saline lake system to an extreme acid
saline lake system is estimated to be middle Permian age in Kansas and late Permian to Triassic
age in Northern Ireland. Longevity of these systems remains problematic because of the
difficulty dating these rocks and highly variable accumulation rates and erosion/dissolution rates.
However, the estimated offset of 30 to 40 million years of these systems may be interpreted as an
enlarging area of aridity over the Permian and Triassic periods.
Future questions regarding Pangean evaporites, such as the longevity and geographic
extent of these acid saline lake systems, can only be further refined through more core studies.
This dissertation highlights the importance of high-recovery cores for sedimentological studies
of evaporites. Future continental drilling projects recovering complete cores is essential in
progressing research on geological end-members of Earth.
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Throughout our timeline, humans have relied on ancient salts, but there is still a
significant amount of Earth history that can be determined from evaporites. The evolution from
neutral saline lake systems to extreme acid saline lake systems played an important role on
Pangea and may give insight to Earth system interactions in past biotic and climatic crises.
Future work constraining these depositional environments and climates is essential in defining
Earth’s past and predicting the future in regard to climate change.
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Appendix 1: Hutchinson Salt Member measured section
Member: Hutchinson Salt Member
Group: Sumner Group
Core: AEC Hole No. 2
Drilling location: Lyons, KS
Box 1: 753.1 – 739.9 ft
-

All siltstone
Poor integrity. Very few core slabs are held together. Most slabs are crumbly shale.
Sampled one solid slab of gray silt with wavy discontinuous lamina
No bedded halite or displacive halite
Gypsum efflorescent crust
No reaction to HCl

Box 3: 766.8 – 753.1 ft
-

Mostly (80-85%) dark gray laminated anhydrite siltstone with white drapes of other
mud on top of bedded halite, discontinuous wavy lamina, and intraclasts
Rare (15-20%) dark gray bedded halite
Gypsum efflorescent crust and large (~10 cm) dark orange/red sylvite veins
No reaction to HCl

Box 5: 779.8 – 766.8 ft
-

Gray bedded halite with white mud lamina draping crystal surfaces
Dark gray to light gray siltstone with wavy discontinuous lamina and intraclasts
Large (~3 cm3) displacive halite crystals
Gypsum efflorescent crusts, overprinting interlocking crystal mosaic, sylvite veins

Box 7: 793.1 – 779.8 ft
-

Gray bedded halite
White-gray mud with displacive halite and pushed up lamina. The lamina may have
been previously cracked and then late stage displacive halite pushed it up to create the
offset?
Thin white lamina which have bottom-growth crystal texture
Sylvite veins

Box 9: 805.0 – 793.1 ft
-

Dark gray bedded halite with white mud drapes. Bedded halite is nearly black…
organics?
Weird fractures on the core that seem to align with bedding planes… dissolution
features? Fractures?
Two ~10 cm thick beds of orange/pink bedded halite
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-

Gray mud with laminations and displacive halite crystals and sylvite veins

Box 11: 818.7 – 805 ft
-

Clear-gray bedded halite
Drapes of white, powdery mud that’s easy to scratch
Potentially some bedded gypsum beds (~0.5 cm tall)
No distinct beds of mud and all colors are gray. Where did the red coloring and mud
go that was in box 13?

Box 13: 818.7 – 832.9 ft
-

Gray bedded halite with white mud drapes interbedded white and gray mud with
wavy lamina, intraclasts, and tiny bottom-growth gypsums beds
Sylvite veins and crack-filling late stage displacive halite
No reaction to HCl

Box 15: 845.4 – 832.4 ft
-

Light blue-ish gray silt-sized grains with laminations, early displacive halite,
intraclasts, and rare 5-cm-thick beds of red mudstone. Potentially a thin bedded
gypsum lamina. Looks like little saw-tooth shapes
Overprinted interlocking crystal mosaic and sylvite veins
Box is 50% mud and 50% halite
Why is it turning red here? Core is muddier and redder than we saw elsewhere.

Box 17: 859.3 – 845.4 ft
-

Tan to dark gray bedded halite with 2-3 cm thick silt-sized layers
Late stage sylvite veins

Box 19: 872.3 – 859.3 ft
-

Gray laminated silt and sand sized grains with mudcracks and small climbing ripple
cross bedding
Gray bedded halite
No reaction to HCl
Crack-filling late stage displacive halite and sylvite veins in fractures

Box 21: 878.1 – 872.3 ft
-

Gray bedded halite
Gray and white silt-sized anhydrite with displacive halite crystals
Late stage sylvite veins

Box 23: 890.9 – 884.7 ft
-

Gray bedded halite

Box 25: 904.6 – 897.6 ft
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-

Gray anhydrite mud with climbing ripple cross bedding, wavy discontinuous lamina,
and large displacive halite crystals
Gray bedded halite

Box 27: 918.0 – 911.5 ft
-

Mostly gray bedded halite with white mud drapes and rare orange bedded halite
Gray mud-rich units

Box 29: 930.5 – 924.7 ft
-

Gray bedded halite
Displacive halite in muddier sections

Box 31: 944.5 – 937.6 ft
-

Very well-defined gray bedded halite with white mud drapes

Box 33: 958.8 – 951.6 ft
-

Gray bedded halite with “clumps” of reddish color suspended in the bedded halite and
white mud drapes on bedded halite
One mud-rich displacive halite unit

Box 35: 972.6 – 965.7 ft
-

Very well-defined gray bedded halite

Box 37: 986.3 – 979.6 ft
-

Gray bedded halite
Displacive halite in light gray mud with laminations that drape crystal surfaces
Sylvite veins

Box 39: 998.3 – 993.4 ft
-

Gray bedded halite with white mud drapes and gypsum/anhydrite mud
Dissolution pipes, gypsum efflorescent crust, and sylvite veins

Box 41: 1011.2 – 1004.4 ft
-

Silt-sized dark gray and tan brown gypsum and anhydrite
Diagenetic anhydrite nodules and gypsum efflorescent crust

Box 43: 1024.6 – 1017.5 ft
-

Silt-sized dark gray and tan brown gypsum and anhydrite
Diagenetic anhydrite nodules and gypsum efflorescent crust

Box 45: 1036.5 – 1030.5 ft
-

Dark gray bedded halite interbedded with thin white laminations
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-

Potentially bottom-growth gypsum
Gypsum efflorescent crust
Rare brick-red rocks with mudcracks, interbedded with white lamina, halite cemented
No HCl reaction

Box 47: 1047.8 – 1042.8 ft
-

Dark gray bedded halite interbedded with thin white laminations
Potentially bottom-growth gypsum
Gypsum efflorescent crust
Rare brick-red rocks with mudcracks, interbedded with white lamina, halite cemented
No HCl reaction

Box 49: 1062.8 – 1056.6 ft
-

White-ish gray to blackish-gray thinly laminated silt-sized gypsum/anhydrite
Halite cement
No reaction to HCl
Soft sediment deformation

Box 51: 1076.0 – 1069.0
-

Light gray silt-sized gypsum/anhydrite
Auto-brecciated sections with dark brown and light gray bands
Some units are thinly bedded anhydrite with potentially some tiny bottom growth
gypsum beds
Structures that are squiggly.. dewatering structures? roots? Burrows? Styolites?

Box 53: 1089.0 – 1082.6 ft
-

Poor integrity
Silt-sized anhydrite (?) and massive

Box 55: 1099.6 – 1094.4 ft (deepest)
-

Light gray fresh colored recrystallized anhydrite
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0

0

0

0

0 1.3

0

0

TOTAL

0 2.2

0 3.4

Chlorite

R1 M-L C/S (40%S)*

0

0

Kaolinite

R1 M-L C/S (50%S)*

0

0

Illite & Mica

R1 M-L C/S (70%S)*

0

0

R1 M-L C/S (60%S)*

R0 M-L C/S (80%S)*

0
0 16
0 8.6 91
0 27 12
0 0.3 100
0
0 22
0 0.2 100

R0 M-L I/S (90%S)*

Halite

Anhydrite

0 1.3
0
0
0 0
0
0 1.4
0
0 0
0
0 0
0
0 0

Gypsum

Hematite

Pyrite

0 7.8
0
0
0
0
0 0.9
0
0
0
0
0
2 0.8
0
0
0

Dolomite

Fe Dolomite

Magnesite

27.5 7.9 4.7
0.2
0 0
25.9 5.1 6.9
0.2
0 0
50.4 3.4 5.7
0.2
0 0

Calcite

Plagioclase

mudstone
halite
mudstone
halite
mudstone
halite

K-Feldspar

233.7
237.7
253.7
269.7
281.8
294.3

Quartz

235.7
239.8
255.8
271.5
283.6
296.4

Top depth (m)

5
7
15
23
29
35

Bottom depth (m)

Box #

Appendix 2: Bulk and detailed clay mineralogy from XRD of the Hutchinson Salt Member

24 3.1 5.1 100
100
14 2.2 3.5 100
100
10 1.8 2.5 100
100

*Mixed-Layer Clay Minerals:
R0 M-L I/S (90%S) - R0 (Random) Ordered Mixed-Layer Illite/Smectite with 90% Smectite Layers
R0 M-L C/S (80%S) - R0 (Random) Ordered Mixed-Layer Chlorite/Smectite with 80% Smectite Layers
R1 M-L C/S (70%S) - R1 Ordered Mixed-Layer Chlorite/Smectite with 70% Smectite Layers
R1 M-L C/S (60%S) - R1 Ordered Mixed-Layer Chlorite/Smectite with 60% Smectite Layers
R1 M-L C/S (50%S) - R1 Ordered Mixed-Layer Chlorite/Smectite with 50% Smectite Layers
R1 M-L C/S (40%S) - R1 Ordered Mixed-Layer Chlorite/Smectite with 40% Smectite Layers
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Appendix 3: Belfast Harbour Evaporite Formation measured section
Formation: Belfast Harbour Evaporite Formation
Core: Islandmagee-1 (IM-1)
Drilling location: Islandmagee, Northern Ireland
Total thickness of measured section: 177.54 m
1) Bedded halite at depth 1504.64 - 1501.70 m
- Translucent cloudy white and gray in color
- Distinct 0.5-1 cm thick beds of halite composed of chevrons and cornets
- 0.4 cm thick efflorescent crust that is darker gray on the outside and lighter gray on
the inside, inside of efflorescent crust seems layered, sharp contact with bedded halite
on either side
- Very white fine-grained clay accumulates on the saw when cutting
- Very rare surficial red mud found on the core but this is potentially from drilling
2) Missing core at depth 1501.7 - 1500.7 m
3) Bedded halite at depth 1500.7 – 1491.8 m
- Translucent cloudy white and gray in color
- Distinct bottom growth halite crystals, bedded halite will vary from extremely clear
and cloudy, darker gray bands that are extremely cloudy are interpreted as an
efflorescent crust
- White clay accumulates on saw
- No cycles of equal intervals determined between efflorescent crust and bedded halite
- Potentially rare dissolution features
- Very similar to unit 1
4) Mudstone at depth 1491.8 – 1490.46 m
- Outside is mottled heather gray and inside is black/gray in color
- Sedimentary features: easily broke apart when sawed, massive, visible crystals in mud
matrix, silt-sized grains
- Diagenetic features: salt veins cross cut mud and halite cemented
- Extremely sharp contact with bordering units
5) Bedded halite at depth 1490.46 – 1490.16 m
- Translucent cloudy white and gray in color
- Distinct bottom growth halite crystals, bedded halite will vary from extremely clear
and cloudy
- Darker gray bands that are extremely cloudy are interpreted as an efflorescent crust
- White clay accumulates on saw
- No cycles of equal intervals determined between efflorescent crust and bedded halite
- Potentially rare dissolution features
- Very similar to unit 1
6) Missing core at depth 1490.16 – 1489.16 m
7) Bedded halite at depth 1489.16 – 1485.99 m
- Translucent cloudy white and gray in color
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8)
9)

10)
11)

12)
13)

14)
15)

Distinct 0.5-1 cm thick beds of halite composed of chevrons and cornets
0.4 cm thick efflorescent crust that is darker gray on the outside and lighter gray on
the inside, inside of efflorescent crust seems layered, sharp contact with bedded halite
on either side
- Very white fine-grained clay accumulates on the saw when cutting
- Very rare surficial red mud found on the core but this is potentially from drilling
Missing core at depth 1485.99 – 1485.00
Bedded halite at depth 1485.00 – 1482.00
- Translucent cloudy white and gray in color
- Distinct 0.5-1 cm thick beds of halite composed of chevrons and cornets
- Bottom-growth halite crystals are small
- Mud drapes associated with bedded halite
- 0.4 cm thick efflorescent crust that is darker gray on the outside and lighter gray on
the inside, inside of efflorescent crust seems layered, sharp contact with bedded halite
on either side
- Very white fine-grained clay accumulates on the saw when cutting
- Very rare surficial red mud found on the core but this is potentially from drilling
Missing core at depth 1482.00 – 1481.00 m
Bedded halite at depth 1481.00 - 1480.00 m
- Translucent cloudy white and gray in color
- Distinct 0.5-1 cm thick beds of halite composed of chevrons and cornets
- 0.4 cm thick efflorescent crust that is darker gray on the outside and lighter gray on
the inside, inside of efflorescent crust seems layered, sharp contact with bedded halite
on either side
- Very white fine-grained clay accumulates on the saw when cutting
- Very rare surficial red mud found on the core but this is potentially from drilling
Missing core at depth 1480.00 - 1479.00 m
Bedded halite at depth 1479.00 – 1476.54 m
- Translucent cloudy white and gray in color
- Distinct 0.5-1 cm thick beds of halite composed of chevrons and cornets
- 0.4 cm thick efflorescent crust that is darker gray on the outside and lighter gray on
the inside, inside of efflorescent crust seems layered, sharp contact with bedded halite
on either side
- Very white fine-grained clay accumulates on the saw when cutting
- Very rare surficial red mud found on the core but this is potentially from drilling
Missing core at depth 1476.54– 1474.54 m
Bedded halite at depth 1474.54 – 1468.37 m
- Translucent cloudy white and gray in color
- Distinct 0.5-1 cm thick beds of halite composed of distinct chevrons and cornets
- 0.4 cm thick efflorescent crust that is darker gray on the outside and lighter gray on
the inside, inside of efflorescent crust seems layered, sharp contact with bedded halite
on either side
- Red and gray mud drapes associated with bedded halite
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- Very white fine-grained clay accumulates on the saw when cutting
- Fibrous halite efflorescence on core
- Very rare surficial red mud found on the core but this is potentially from drilling
16) Missing core at depth 1468.37 – 1467.48 m
17) Bedded halite at depth 1467.48 – 1461.49 m
- Translucent cloudy white and gray in color
- Distinct 0.5-1 cm thick beds of halite composed of chevrons and cornets
- 0.4 cm thick efflorescent crust that is darker gray on the outside and lighter gray on
the inside, inside of efflorescent crust seems layered, sharp contact with bedded halite
on either side
- Very white fine-grained clay accumulates on the saw when cutting
- Very rare surficial red mud found on the core but this is potentially from drilling
18) Basalt igneous intrusion at depth 1461.49 – 1459.99 m
- Color: dark gray when dry and black when wet
- Very brittle
- Halite veins
- Halite cemented
- Very sharp contact with surrounding units
19) Missing core at depth 1459.99 – 1456.99 m
20) Bedded halite at depth 1456.99 – 1455.99 m
- Translucent white to gray in color
- Efflorescent crusts interpreted by darker gray cloudy bands. The bands are darker
from more dust particles being trapped
- Bottom-growth halite crystals
- Hints of growth bands in chevrons and cornets
- Accumulates white mud on the saw blade
21) Missing core at depth 1455.99 – 1452.99 m
22) Bedded halite at depth 1452.99 – 1443.62 m
- Translucent white to gray in color
- Efflorescent crusts interpreted by darker gray cloudy bands. The bands are darker
from more dust particles being trapped
- Bottom-growth halite crystals
- Hints of growth bands in chevrons and cornets
- Accumulates white mud on the saw blade
23) Missing core at depth 1444.62 – 1443.62 m
24) Bedded halite at depth 1443.62 – 1442.93 m
- Translucent white to gray in color
- Efflorescent crusts interpreted by darker gray cloudy bands. The bands are darker
from more dust particles being trapped
- Bottom-growth halite crystals
- Hints of growth bands in chevrons and cornets
- Accumulates white mud on the saw blade
25) Basalt igneous intrusion at depth 1442.93 – 1442.86 m
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Color: dark brown/black interior and copper-like shade of green rind around the clasts
Angularly shaped intrusive clasts of varying size (1/8 – 2 cm) randomly oriented in
halite matrix
- Looks like igneous clasts broke apart after intruding
26) Bedded halite at depth 1442.86 – 1439.54 m
- Translucent white to gray in color
- Efflorescent crusts interpreted by darker gray cloudy bands. The bands are darker
from more dust particles being trapped
- Bottom-growth halite crystals
- Hints of growth bands in chevrons and cornets
- Accumulates white mud on the saw blade
27) Missing core at depth 1439.54 – 1438.54 m
28) Bedded halite at depth 1438.54 – 1431.83 m
- Translucent white/gray in color
- Efflorescent crusts interpreted by darker gray cloudy bands (~10 cm thick). The
bands are darker from more dust particles being trapped
- Bottom-growth halite crystals
- Mud drapes associated with efflorescent crusts
- Hints of growth bands in chevrons and cornets
- Accumulates white mud on the saw blade
- Dissolution pipes and pits
- White clay accumulates on the saw  occurs in all bedded halite units
29) Missing core at depth 1431.83 – 1430.83 m
30) Bedded halite at depth 1430.83 – 1427.84 m
- Translucent white/gray in color
- Efflorescent crusts interpreted by darker gray cloudy bands (~10 cm thick). The
bands are darker from more dust particles being trapped
- Bottom-growth halite crystals
- Mud drapes associated with efflorescent crusts
- Hints of growth bands in chevrons and cornets
- Accumulates white mud on the saw blade
- Dissolution pipes and pits
- White clay accumulates on the saw  occurs in all bedded halite units
31) Missing core at depth 1427.84 – 1424.13 m
32) Bedded halite at depth 1424.13 – 1414.33 m
- Translucent white/gray in color
- Efflorescent crusts interpreted by darker gray cloudy bands (~10 cm thick). The
bands are darker from more dust particles being trapped
- Bottom-growth halite crystals
- Mud drapes associated with efflorescent crusts
- Hints of growth bands in chevrons and cornets
- Accumulates white mud on the saw blade
- Dissolution pipes and pits
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- White clay accumulates on the saw  occurs in all bedded halite units
33) Missing core at depth 1414.33 – 1413.39 m
34) Igneous intrusion clasts in halite at depth 1413.39 – 1410.4 m
- Halite is translucent white/gray in color and igneous intrusion is dark black
- Intrusion appears to be massive with large clasts/veins of halite throughout
35) Missing core at depth 1410.4 -1406.5 m
36) Bedded halite at depth 1406.5 – 1401.4 m
- Translucent white/gray in color
- Efflorescent crusts interpreted by darker gray cloudy bands (~10 cm thick). The
bands are darker from more dust particles being trapped
- Bottom-growth halite crystals
- Mud drapes associated with efflorescent crusts
- Hints of growth bands in chevrons and cornets
- Accumulates white mud on the saw blade
- Dissolution pipes and pits
- White clay accumulates on the saw  occurs in all bedded halite units
37) Missing core at depth 1401.4 – 1400.4 m
38) Bedded halite at depth 1400.4 – 1390.71 m
- Translucent white/gray in color
- Efflorescent crusts interpreted by darker gray cloudy bands (~10 cm thick). The
bands are darker from more dust particles being trapped
- Bottom-growth halite crystals
- Mud drapes associated with efflorescent crusts
- Hints of growth bands in chevrons and cornets
- Accumulates white mud on the saw blade
- Dissolution pipes and pits
- White clay accumulates on the saw  occurs in all bedded halite units
39) Missing core at depth 1390.71 – 1389.72 m
40) Bedded halite at depth 1389.72 – 1375.05 m
- Translucent pink/yellow halite and gray and white mud
- Distinct shift is color of bedded halite from previous units
- Efflorescent crusts
- Bottom-growth halite with chevron and cornet crystals
- Bright orange mud clasts in bedded halite  hard to tell if syndepositional or
diagenetic
- Mustard yellow staining in fractures that is diagenetic (potentially from after drilling)
- Odd black (volcanic?) clasts suspended in halite crystals
41) Missing core at depth 1375.05 – 1373.05 m
42) Bedded halite at depth 1373.05 – 1372.05 m
- Translucent pink/yellow halite and gray and white mud
- Distinct shift is color of bedded halite from previous units
- Efflorescent crusts
- Bottom-growth halite with chevron and cornet crystals
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Bright orange mud clasts in bedded halite  hard to tell if syndepositional or
diagenetic
- Mustard yellow staining in fractures that is diagenetic (potentially from after drilling)
43) Missing core at depth 1372.05 – 1369.74 m
44) Bedded halite at depth 1369.74 – 1363.79 m
- Translucent pink/yellow halite and gray and white mud
- Distinct shift is color of bedded halite from previous units
- Efflorescent crusts
- Bottom-growth halite with chevron and cornet crystals
- Bright orange mud clasts in bedded halite  hard to tell if syndepositional or
diagenetic
- Mustard yellow staining in fractures that is diagenetic (potentially from after drilling)
45) Missing core at depth 1363.79 – 1362.77 m
46) Bedded halite at depth 1362.77 – 1362.10
- Translucent pink/yellow halite and gray and white mud
- Distinct shift is color of bedded halite from previous units
- Efflorescent crusts
- Bottom-growth halite with chevron and cornet crystals
- Bright orange mud clasts in bedded halite  hard to tell if syndepositional or
diagenetic
- Mustard yellow staining in fractures that is diagenetic (potentially from after drilling)
47) Missing core at depth 1362.10 -1353.43 m
48) Bedded halite at depth 1353.43 – 1349.47 m
- Translucent pink/yellow halite and gray and white mud
- Distinct shift is color of bedded halite from previous units
- Efflorescent crusts
- Bottom-growth halite with chevron and cornet crystals
- Bright orange mud clasts in bedded halite  hard to tell if syndepositional or
diagenetic
- Mustard yellow staining in fractures that is diagenetic (potentially from after drilling)
49) Missing core at depth 1349.47 – 1347.47 m
50) Bedded halite at depth 1347.47 – 1345.47 m
- Translucent pink/yellow halite and gray and white mud
- Distinct shift is color of bedded halite from previous units
- Efflorescent crusts
- Bottom-growth halite with chevron and cornet crystals
- Bright orange mud clasts in bedded halite  hard to tell if syndepositional or
diagenetic
- Mustard yellow staining in fractures that is diagenetic (potentially from after drilling)
51) Missing core at depth 1345.47 – 1344.77 m
52) Bedded halite at depth 1344.77 – 1342.97 m
- Translucent pink/yellow halite and gray and white mud
- Distinct shift is color of bedded halite from previous units
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Efflorescent crusts
Bottom-growth halite with chevron and cornet crystals
Bright orange mud clasts in bedded halite  hard to tell if syndepositional or
diagenetic
53) Missing core at depth 1342.97 – 1341.96
54) Basalt igneous intrusion at depth 1341.96 – 1340.76 m
- Dark gray in color
- Low integrity and easily breaks
- White veins composed of halite
55) Bedded halite at depth 1340.76 – 1336. 96
- Translucent pink/yellow halite and gray and white mud
- Distinct shift is color of bedded halite from previous units
- Efflorescent crusts
- Bottom-growth halite with chevron and cornet crystals
56) Missing core at depth 1336.96 - 1335.95 m
57) Bedded halite at depth 1335.95 – 1333.78 m
- Translucent white and slightly pink in color
- Efflorescent crusts but slightly less than before
- Bottom-growth halite with chevron and cornet crystals
- Sharp contact with bordering units
58) Sed. Structure rich mudstone at depth 1333.78 – 1333.45 m
- Gray/blue in color with rare red lamina
- Lamina varies in colors
- Intraclasts
- Climbing ripple cross bedding
- Clay-silt sized grains
- Halite cemented
- Sharp contact with bordering units
59) Massive mudstone at depth 1333.45 – 1332.1 m
- Brick red in color
- Massive mudstone
- Reduction spots (1/4 – 1 cm2)
60) Sed. Structure rich mudstone at depth 1332.1 – 1331.6 m
- Gray/blue in color with rare red lamina
- Lamina vary in colors
- Intraclasts
- Climbing ripple cross bedding
- Clay-silt sized grains
- Halite cemented
- Sharp contact with bordering units
61) Anhydrite at depth 1331.6 – 1327.10 m
- Dark gray/black crystalline texture on inside and chalky white rind on outside
- Rare hints of red on inside
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Interlocking crystal mosaic
Mottled texture on inside that have “phantom’ circles with blurred edges
Certain units look more mottled than others
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Appendix 4: Elemental concentrations of halite samples from Belfast Harbour Evaporite Formation
Report Number: A19-07643
Report Date: 25/6/2019
Analyte Symbol
Au
Ag
As
Ba
Br
Ca
Co
Cr
Cs
Fe
Hf
Hg
Ir
Unit Symbol
ppb ppm ppm ppm ppm
% ppm ppm ppm
% ppm ppm ppb
Detection Limit
2
5
0.5
50
0.5
1
1
5
1 0.01
1
1
5
Depth (m) Analysis Method
INAA INAA INAA INAA INAA INAA INAA INAA INAA INAA INAA INAA INAA
1503.82 1
<2
< 5 < 0.5 < 50 76.3
<1
<1
<5
< 1 < 0.01
<1
<1
<5
1490.93 2
<2
< 5 < 0.5 < 50 105
<1
<1
<5
< 1 < 0.01
<1
<1
<5
1484.46 3
<2
< 5 < 0.5 < 50 84.6
<1
<1
<5
< 1 < 0.01
<1
<1
<5
1472.03 4
<2
< 5 < 0.5 < 50 80.5
<1
<1
<5
< 1 < 0.01
<1
<1
<5
1463.48 5
<2
< 5 < 0.5 < 50 87.2
<1
<1
<5
< 1 < 0.01
<1
<1
<5
<2
< 5 < 0.5 < 50 120
<1
<1
<5
< 1 < 0.01
<1
1
<5
1450.68 6
1438.43 7
<2
< 5 < 0.5 < 50 97.4
<1
<1
<5
< 1 < 0.01
<1
<1
<5
1420.6 8
<2
< 5 < 0.5 < 50 125
<1
<1
<5
< 1 < 0.01
<1
<1
<5
1410.4 9
<2
< 5 < 0.5 < 50 152
<1
<1
<5
< 1 < 0.01
<1
<1
<5
1394 10
<2
< 5 < 0.5 < 50 129
<1
<1
<5
< 1 < 0.01
<1
<1
<5
1372.45 11
<2
< 5 < 0.5 < 50 163
<1
<1
<5
< 1 < 0.01
<1
<1
<5
1362.6 12
<2
< 5 < 0.5 < 50 109
<1
<1
n
< 1 < 0.01
<1
<1
<5
1350.56 13
<2
< 5 < 0.5 < 50 112
2
<1
<5
< 1 < 0.01
<1
<1
<5
1345.47 14
<2
< 5 < 0.5 < 50 57.7
<1
<1
<5
4 < 0.01
<1
<1
<5
1334.71 15
<2
< 5 < 0.5 < 50 122
<1
<1
<5
< 1 < 0.01
<1
<1
<5
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Appendix 4: Elemental concentrations of halite samples from Belfast Harbour Evaporite Formation
Report Number: A19-07643
Report Date: 25/6/2019
Analyte Symbol
Mo
Na
Ni
Rb
Sb
Sc
Se
Sn
Sr
Ta
Th
U
W
Zn
Unit Symbol
ppm
% ppm ppm ppm ppm ppm
%
% ppm ppm ppm ppm ppm
Detection Limit
1 0.01
20
15
0.1
0.1
3 0.02 0.05
0.5
0.2
0.5
1
50
Analysis Method
INAA INAA INAA INAA INAA INAA INAA INAA INAA INAA INAA INAA INAA INAA
1
< 1 > 10.0 < 20
47 < 0.1
0.2
< 3 < 0.02 < 0.05 < 0.5 < 0.2 < 0.5
< 1 < 50
2
< 1 > 10.0 < 20 < 15 < 0.1
0.4
< 3 < 0.02 < 0.05 < 0.5 < 0.2 < 0.5
< 1 < 50
3
< 1 > 10.0 < 20 < 15 < 0.1 < 0.1
< 3 < 0.02 < 0.05 < 0.5 < 0.2 < 0.5
< 1 < 50
4
< 1 > 10.0 < 20 < 15 < 0.1
0.2
< 3 < 0.02 < 0.05 < 0.5 < 0.2 < 0.5
< 1 < 50
< 3 < 0.02 < 0.05 < 0.5 < 0.2 < 0.5
< 1 < 50
5
< 1 > 10.0 < 20 < 15 < 0.1 < 0.1
< 1 > 10.0 < 20 < 15 < 0.1 < 0.1
< 3 < 0.02 < 0.05 < 0.5 < 0.2 < 0.5
< 1 < 50
6
< 1 > 10.0 < 20 < 15 < 0.1 < 0.1
< 3 < 0.02 < 0.05 < 0.5 < 0.2 < 0.5
< 1 < 50
7
8
< 1 > 10.0 < 20 < 15 < 0.1 < 0.1
< 3 < 0.02 < 0.05 < 0.5 < 0.2 < 0.5
< 1 < 50
9
< 1 > 10.0 < 20 < 15 < 0.1 < 0.1
< 3 < 0.02 < 0.05 < 0.5 < 0.2 < 0.5
< 1 < 50
10
< 1 > 10.0 < 20 < 15 < 0.1 < 0.1
< 3 < 0.02 < 0.05 < 0.5 < 0.2 < 0.5
< 1 < 50
11
< 1 > 10.0 < 20 < 15 < 0.1 < 0.1
< 3 < 0.02 < 0.05 < 0.5 < 0.2 < 0.5
< 1 < 50
12
< 1 > 10.0 < 20 < 15 < 0.1 < 0.1
< 3 < 0.02 < 0.05 < 0.5 < 0.2 < 0.5
< 1 < 50
< 1 > 10.0 < 20 < 15 < 0.1 < 0.1
< 3 < 0.02 < 0.05 < 0.5 < 0.2 < 0.5
< 1 < 50
13
< 1 > 10.0 < 20 < 15 < 0.1 < 0.1
< 3 < 0.02 < 0.05 < 0.5 < 0.2 < 0.5
14
< 1 < 50
15
< 1 > 10.0 < 20 < 15 < 0.1 < 0.1
< 3 < 0.02
0.1 < 0.5 < 0.2 < 0.5
< 1 < 50
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Appendix 4: Elemental concentrations of halite samples from Belfast Harbour Evaporite Formation
Report Number: A19-07643
Report Date: 25/6/2019
Analyte Symbol
Unit Symbol
Detection Limit
Analysis Method
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

La
Ce
Nd Sm
Eu
Tb
Yb
Lu Mass
ppm ppm ppm ppm ppm ppm ppm ppm
g
0.5
3
5 0.1
0.2
0.5
0.2 0.05
INAA INAA INAAINAA INAA INAA INAA INAA INAA
< 0.5
<3
< 5 < 0.1 < 0.2 < 0.5 < 0.2 < 0.05 29.1
< 0.5
<3
< 5 < 0.1 < 0.2 < 0.5 < 0.2 < 0.05 21.3
< 0.5
<3
< 5 < 0.1 < 0.2 < 0.5 < 0.2 < 0.05 23.9
< 0.5
<3
< 5 < 0.1 < 0.2 < 0.5 < 0.2 < 0.05 30.5
< 0.5
<3
< 5 < 0.1 < 0.2 < 0.5 < 0.2 < 0.05 7.58
< 0.5
<3
< 5 < 0.1 < 0.2 < 0.5 < 0.2 < 0.05 26.5
< 0.5
<3
< 5 < 0.1 < 0.2 < 0.5 < 0.2 < 0.05 28.1
< 0.5
<3
< 5 < 0.1 < 0.2 < 0.5 < 0.2 < 0.05 27.2
< 0.5
<3
< 5 < 0.1 < 0.2 < 0.5 < 0.2 < 0.05 24.5
< 0.5
<3
< 5 < 0.1 < 0.2 < 0.5 < 0.2 < 0.05 25.3
< 0.5
<3
< 5 < 0.1 < 0.2 < 0.5 < 0.2 < 0.05 26.2
< 0.5
<3
5 < 0.1 < 0.2 < 0.5 < 0.2 < 0.05 26.3
< 0.5
<3
< 5 < 0.1 < 0.2 < 0.5 < 0.2 < 0.05 25.1
< 0.5
<3
< 5 < 0.1 < 0.2 < 0.5 < 0.2 < 0.05 25.8
< 0.5
<3
< 5 < 0.1 < 0.2 < 0.5 < 0.2 < 0.05 23.3
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Appendix 5: Elemental concentrations of mudstone samples from
Belfast Harbour Evaporite Formation
Report Number: A19-07643
Report Date: 25/6/2019
Analyte Symbol
Au
Ag
As
Ba
Br
Ca
Co
Cr
Unit Symbol
ppb ppm ppm ppm ppm
% ppm ppm
Detection Limit
2
5
0.5
50
0.5
1
1
5
Depth (m) Method
INAA INAA INAA INAA INAA INAA INAA INAA
1491.8 16
<2
< 5 < 0.5 < 50 23.1
3
37
29
1461.49 17
<2
<5
2.1 < 50 14.4
8
43
23
1332 18
44
<5
2.6 180 < 0.5
8
13 141
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Appendix 5: Elemental concentrations of mudstone samples from
Belfast Harbour Evaporite Formation

Cs
Fe
Hf
Hg
Ir Mo
Na
Ni
Rb
Sb
Sc
Se
Sn
ppm
% ppm ppm ppb ppm
% ppm ppm ppm ppm ppm
%
1 0.01
1
1
5
1 0.01
20
15
0.1
0.1
3 0.02
INAA INAA INAA INAA INAA INAA INAA INAA INAA INAA INAA INAA INAA
< 1 5.98
3
<1
<5
< 1 5.97 < 20 < 15 < 0.1 15.7
< 3 < 0.02
< 1 7.79
5
<1
<5
< 1 2.62 < 20 < 15 < 0.1 21.2
< 3 < 0.02
2 3.53
4
<1
<5
< 1 3.08 < 20 < 15
0.6 13.6
< 3 < 0.02
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Appendix 5: Elemental concentrations of mudstone samples from
Belfast Harbour Evaporite Formation

Sr
%
0.05
INAA
< 0.05
< 0.05
0.1

Ta
Th
U
W
Zn
La
Ce
Nd Sm
Eu
Tb
Yb
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
0.5
0.2
0.5
1
50
0.5
3
5
0.1
0.2
0.5
0.2
INAA INAA INAA INAA INAA INAA INAA INAA INAA INAA INAA INAA
< 0.5 < 0.2 < 0.5
< 1 < 50
3
9
14
3.2
1 < 0.5
2.8
< 0.5 < 0.2 < 0.5
< 1 < 50
4.4
14
5
4.1
1.5 < 0.5
3
< 0.5
7.6
1.4
< 1 < 50 30.9
69
31
5.1
1.1 < 0.5
4.8
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Appendix 5: Elemental concentrations of mudstone samples from
Belfast Harbour Evaporite Formation

Lu Mass
ppm
g
0.05
INAA INAA
< 0.05 20.2
< 0.05
35
0.38
6.4
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Dolomite

Hematite

Fe Dolomite

Pyrite

Magnesite

0
0
0

Plagioclase

0
0
0

K-Feldspar

0
0
0

Quartz

Sample 4: SA, IM-1, 1469.57 m Gray bedded halite
0 0
0 0
Sample 5: SA, IM-1, 1379.72 m Pink bedded halite
0.2 0
0 0
Sample 6: SA, IM-1, 1332.95 m Mudstone (massive) 17.8 2.6 15.2 0.9

Lithology

Calcite

UN230
UN231
UN232

Sample ID

XRD #

Appendix 6: Bulk and detailed clay mineralology from XRD of
Belfast Harbour Evaporite Formation

0 0
0 0
0 1.9

*Mixed-Layer Clay Minerals:
R0 M-L I/S (90%S) - R0 (Random) Ordered Mixed-Layer Illite/Smectite with 90% Smectite Layers
R0 M-L C/S (80%S) - R0 (Random) Ordered Mixed-Layer Chlorite/Smectite with 80% Smectite Layers
R1 M-L C/S (70%S) - R1 Ordered Mixed-Layer Chlorite/Smectite with 70% Smectite Layers
R1 M-L C/S (60%S) - R1 Ordered Mixed-Layer Chlorite/Smectite with 60% Smectite Layers
R1 M-L C/S (50%S) - R1 Ordered Mixed-Layer Chlorite/Smectite with 50% Smectite Layers
R1 M-L C/S (40%S) - R1 Ordered Mixed-Layer Chlorite/Smectite with 40% Smectite Layers
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0
0 100
0 0.3 99.5
0 25.5 12.8
0
0
0
0

TOTAL

Chlorite

Kaolinite

Illite & Mica

R1 M-L C/S (40%S)*

R1 M-L C/S (50%S)*

R1 M-L C/S (60%S)*

R1 M-L C/S (70%S)*

R0 M-L C/S (80%S)*

R0 M-L I/S (90%S)*

Halite

Anhydrite

Gypsum

Appendix 6: Bulk and detailed clay mineralology from XRD of
Belfast Harbour Evaporite Formation

100
100
0 1.7 15.4 1.7 4.5 100
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94.2
93.6

4.3
4.9

0.2
0.2

0.5
0.8

TOTAL

Calcite

Quartz

Gypsum

Bassanite

Sample 1 IM-1 1490.54 m
Sample 2 IM-1 1433.26 m

Anhydrite

Sample ID

KB41
KB42

Halite

XRD#

Appendix 7: Bulk mineralology of efflorscent crusts from XRD of Belfast Harbour Evaporite Formation

0.5
0.1

0.3
0.4

100
100

Note - the following minerals were searched for, but not detected:
Alunite KAl 3(SO 4) 2(OH) 6
Hematite
Anglesite PbSO4
Hexahydrite MgSO4·6H2O
Antlerite Cu3SO4(OH)4
Jarosite KFe3(SO4)2(OH)6
Kieserite MgSO4·H2O
Barite BaSO4
Blodite Na 2Mg(SO 4) 2·4H 2O
Melanterite FeSO4·7H2O
Brochantite Cu4SO4(OH)6
Meridianiite MgSO4·11H2O
Celestite SrSO4
Mirabilite Na2SO4·10H2O
Chalcanthite CuSO4·5H2O
Natrojarosite KFe 3+ 3(OH) 6(SO 4) 2
Clay Minerals
Polyhalite K 2Ca 2Mg(SO 4) 4·2H 2O
Epsomite MgSO4·7H2O
Sassolite H3BO3
Feldspar
Starkeyite MgSO4·4H2O
Glauberite Na 2Ca(SO 4) 2
Sylvite KCl
Hanksite Na22K(SO4)9(CO3)2Cl
Thenardite Na2SO4
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Appendix 8: Mercia Mudstone Group measured section
Group: Mercia Mudstone Group
Core: Carnduff-01
Drilling location: Northern Ireland
Unit #

Depth (m)

1

921.2 – 919.5

2
3

919.5 – 917.8
917.8 – 913.5

4
5

913.5 – 909.7
909.7 – 904.3

6
7

904.3 – 902.6
902.6 – 901.2

8

901.2 – 898.8

Description

Mudstone
● color: chocolate brown (80%) and gray/blue (20%)
● sedimentary characteristics: high clay content, well sorted, massive
● HCl reaction with crushed and fresh surface
● diagenetic features: halite cement, small (~2 cm) reduction spots,
sylvite veins, gypsum efflorescent crusts on outside of core
Missing core
Mudstone
• color: chocolate brown (80%) and bluish gray (20%)
• sedimentary characteristics: massive at bottom of unit and laminated
at top of unit
• notable feature: potentially microbial mats
• HCl reaction with crushed and fresh surface
• diagenetic features: halite cement, small (~1 cm) reduction spots,
large sylvite veins, gypsum efflorescent crusts on outside of core
Missing core
Mudstone
• color: chocolate brown (80%) and bluish gray (20%)
• sedimentary characteristics: massive
• notable feature: mottled color similar to tie dye
• HCl reaction with crushed and fresh surface
• diagenetic features: halite cement, small (~1 cm) reduction spots,
large sylvite veins, crust becomes more platy and sheet-like with a
bitter taste (not gypsum)
Missing core
Mudstone
• color: chocolate brown (80%) and bluish gray (20%)
• sedimentary characteristics: mudcracks, dewatering structures
interpreted from vertically disrupted strata (~4 cm tall) that crosscut
all over features, 1/2 cm tall climbing ripple cross bedding
• notable feature: no efflorescent crust and good for thin sections
• HCl reaction with crushed and fresh surface
• diagenetic features: halite cement, large sylvite veins
• sharp contact with bordering units
Mud-halite conglomerate
• color: halite is pale orange and mudclasts are chocolate brown and
bluish gray
• composition: 90-95% cloudy halite matric with fibrous texture and 510% mudclasts
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sedimentary characteristics: mud clasts are randomly oriented in
halite matrix and color of mudclasts becomes dominated red up
section
• sharp contact with bordering units
• no HCl reaction
Bedded halite
• color: halite is reddish brown and mud is chocolate brown
• composition: 95% halite and 5% mud
• crystal shapes interpreted at bedded halite and bedded gypsum
• mud is present in clasts and are ½ cm size and cubic in shape
• dissolution pipes seen as large sections of clear halite
• no HCl reaction
Missing core
Undifferentiated evaporites
• color: halite is brown and mud is chocolate brown and bluish gray
• composition: 70% halite, 25% bluish gray mud, 5% chocolate brown
mud
• mixture of evaporite textures that indicate both bedded halite and
gypsum
• very difficult to confidently interpret lithologies
• mud clasts contain displacive halite crystals
• diagenetic features: reduction spots and medium-sized sylvite veins
in mud
Displacive halite
• color: mud is chocolate brown and halite is brown
• composition: 60% halite and 40% mud
• large (~2 cm) cubic halite crystals to smalls (~1/4 cm) cubic halite
crystals suspended in well-sorted mud
• diagenetic features: rare reduction spots
• sharp contact with boundary units
Mudstone
• color: chocolate brown
• sedimentary characteristics: clay dominated, well sorted platy
mudstone, massive
• notable characteristics: low integrity because core is not bagged
• diagenetic features: gypsum efflorescent crusts, large sylvite veins
(0.6 m long), reduction spots
• sharp contact with boundary units
Bedded gypsum
• color: gypsum is translucent chocolate brown and mud is chocolate
brown and grey
• composition: 90% gypsum and 10% mud
• mud is present at 0.5 cm thick layers or mud clasts
• color changes within mud are gradational
• gypsum beds are 0.5-1 cm thick
• reduction spots present in mud
• sharp contact with boundary units
Mudstone
• color: chocolate brown and bluish gray
•

9

898.8 – 897.3

10
11

897.3 – 893.7
893.7 – 892.65

12

892.65 -892.4

13

892.4 – 889.55

14

889.55 – 887.6

15

887.6 – 884.7
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massive
most of unit is not bagged
some parts of unit are very crumbly
rare displacive halite crystals
diagenetic features: halite cement, sylvite veins, gypsum efflorescent
crust
• Sharp contact with lower unit
Missing core
Undifferentiated evaporites
• Color: translucent brown halite and chocolate brown and gray mud
• Composition: 60% halite and 40% mud
• Textures/crystal shapes point upwards but it’s difficult to determine
mineralogies
• Diagenetic feat.: dissolution pipes
• Sharp contact with upper boundary nit
Mudstone
• Color: bluish-gray (70%) and chocolate brown (30%)
• Mostly massive
• Suspected bedding but too fragile to cut
• Diagenetic features: large sylvite veins and gypsum efflorescent
crust
• Sharp contact with boundary units
Bedded gypsum
• Color: translucent brown gypsum and chocolate brown and gray mud
• Composition: 80% gypsum and 20% mud
• Large (2-3 cm tall) bedded bottom-growth gypsum with mud drapes
• Sharp contact with lower boundary unit
Missing core
Bedded gypsum
• Color: translucent chocolate brown gypsum and gray and red
mudstone
• Composition: 90% gypsum and 10% mud
• Mud is present in beds and clasts in between gypsum beds
• Gypsum has small (0.5-1 c,) crystals that look like teeth growing
upward
• Mud content increases as you move up section
• Diagenetic features: dissolution pipes and sylvite veins
• Textures hint at potential bedded halite as well but gypsum
dominates the unit
• Sharp contact with upper boundary unit
Displacive halite
• Color: blue gray mud with rare chocolate brown
• Large displacive halite crystal (~2 cm2) suspended in well sorted clay
matrix
• Diagenetic features: halite cement and sylvite veins
• Sharp contact with boundary units
Mudstone
• Color: chocolate brown
• Well sorted clay- and silt-sized sediment
•
•
•
•
•

16
17

884.7 – 882.9
882.9 – 881.3

18

881.3 – 880.55

19

880.55 – 878.5

20
21

878.5 – 875.7
875.7 – 869.4

22

869.4 - 868.7

23

868.7 – 867
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Massive
Relatively good integrity considering not bagged
Diagenetic features: reduction spots, sylvite veins, and gypsum
efflorescence
• Sharp contact with boundary units
Missing core
Bedded gypsum
• Color: translucent chocolate brown
• Bottom-growth gypsum crystals
• Sharp contact with upper boundary unit
Mudstone
• Color: chocolate brown
• Well sorted clay-sized grains
• Decent integrity, relatively massive
• Diagenetic features: reduction spots, sylvite veins, and gypsum
efflorescence
• Sharp contact with lower boundary unit
Missing core
Bedded halite
• Color: tan/yellow to chocolate brown
• Chevrons that are ~1 cm tall with visible fluid inclusions
• Thin mud drapes on chevrons
• Potentially hints of bedded gypsum throughout sample
• Dissolution pipes
Mudstone
• Color: dark gray
• Clay- and silt-sized grains that are well sorted and relatively massive
• Sylvite veins
• Sharp contact with boundary units
Bedded gypsum
• Color: translucent dark gray gypsum and dark gray mudstone
• Composition: 50% gypsum and 50% mudstone
• Bedded bottom-growth gypsum crystals (~1 cm tall)
• Mudstone contains rare displacive halite crystals, halite cement, and
sylvite veins
• Sharp contact with boundary units
Bedded gypsum
• Color: translucent dark gray gypsum and dark gray mudstone
• Small teeth-like gypsum crystals
• Few layers of black mud (~2 cm thick)
• Mud units contain thin sylvite veins
Missing core
Bedded halite
• 1-2 cm tall bedded halite crystals draped by thin mud
• Dissolution pipes
Bedded gypsum
• Color: translucent dark brown gypsum
• Small, teeth-like gypsum crystals with mud drapes
• Unit is progressively muddier as you move up section

•
•
•
24
25

867 – 863.5
863.5 – 863.4

26

863.4 – 861.8

27
28

861.8 – 859.7
859.7 – 858.6

29

858.6 – 858.5

30

858.5 – 857.1

31

857.1 – 856.1

32
33

856.1 – 854.2
854.2 -853.6

34

853.6 – 849.2
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35

849.2 – 849.1

36

849.1 – 846.75

37

846.75 – 841.8

38

841.8 – 841.0

39

841.0 – 839.5

40

839.5 – 839.4

41
42

839.4 – 833.9
833.9 – 832.8

• Displacive halite in muddier sections
• Kaolinite precipitates on saw blade
Displacive halite
• Chocolate brown mud and translucent dark brown halite
• Composition 50% mud and 50% halite
• Abundant cubic (1-2 cm2) displacive halite crystals
• Gradational contact with lower boundary unit and sharp contact with
upper boundary unit
Mudstone
• Silt-sized grains that are well sorted
• Relatively massive
• Poor integrity
• Diagenetic features: rare displacive halite crystals, gypsum
efflorescence, sylvite veins
• Sharp contact with lower boundary unit
Bedded gypsum
• Chocolate brown mud and translucent chocolate brown gypsum
• Composition: 80% gypsum and 20% mud
• Teeth-like bottom growth gypsum
• Lamina (~1 cm thick) layers of mud
• Diagenetic features: rare displacive halite in muddy areas
Fibrous gypsum
• Color: peach/tan gypsum and gray mud
• Fibrous gypsum with texture that almost appears fuzzy
• Mud clasts are randomly oriented in core
• Diagenetic features: large, thick sylvite veins cross cut core
• Appears like gypsum was recrystallized
• Sharp contact with boundary units
Bedded gypsum
• Chocolate brown mud and translucent chocolate brown gypsum
• Composition: 80% gypsum and 20% mud
• Teeth-like bottom growth gypsum
• Lamina (~1 cm thick) layers of mud
• Diagenetic features: rare displacive halite in muddy areas
Fibrous gypsum
• Color: peach/tan gypsum and gray mud
• Fibrous gypsum with texture that almost appears fuzzy
• Mud clasts are randomly oriented in core
• Diagenetic features: large, thick sylvite veins cross cut core
• Appears like gypsum was recrystallized
• Sharp contact with lower boundary unit
Missing core
Mudstone
• Color: chocolate brown
• Well sorted clay-sized grains
• Relatively massive
• Diagenetic features: sylvite veins
• Sharp contact with boundary units
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43

832.8 – 832.3

44

832.2 – 831.3

45

831.3 – 828.8

46
47

828.8 – 826.8
826.8 – 822.4

48

822.4 – 819.8

49
50

819.8 – 817.9
817.9 – 817.4

51

817.4 – 816.25

52

816.25 – 814.6

53

814.6 – 812.5

Displacive halite
• Color: translucent brown halite and gray mud with speckles of red
• ½ - 2 cm2 displacive halite crystals
• Composition: 70% halite and 30% mud
Mudstone
• Color: chocolate brown at base and grades upward into gray
• Well sorted clay-sized grains
• Relatively massive
• Diagenetic features: sylvite veins
• Sharp contact with boundary units
Bedded gypsum
• Color: red and gray mud and translucent brown gypsum
• Composition: gypsum 80% and mud 20%
• Small teeth-like bedded gypsum
Missing core
Displacive halite
• Color: translucent brown halite and chocolate brown and gray
mudstone
• Mud content increases as you move up section
• Bottom of section is 95% halite and 5% mud
• Top of section is 40% halite and 60% mud
• Potentially some bedding
• Diagenetic feature: sylvite veins
• Gradual contact with upper unit
Mudstone
• Color: chocolate brown
• Well sorted, clay-sized grains, massive, well lithified
• Diagenetic features: halite cement, reduction sports, sylvite veins
• Gradual contact with lower boundary unit
Missing core
Displacive halite
• Color: chocolate brown mud and translucent brown halite
• Large (~3 cm2) displacive halite
• Massive mud
• Composition: 65% mud and 35% halite
• Diagenetic features: reduction spots and sylvite veins
Undifferentiated evaporites
• Color: chocolate brown and gray mud and translucent brown halite
• Textures/crystal shapes point upwards but it’s difficult to determine
mineralogies
• Displacive halite texture overprinting bedded gypsum?
• Sharp contact with upper boundary unit
Mudstone
• Color: chocolate brown
• Well sorted, clay-sized grains, massive, well lithified
• Diagenetic features: halite cement, rare displacive halite crystals,
sylvite veins
• Sharp contact with lower boundary unit
Bedded gypsum
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Color: translucent gray and chocolate brown gypsum and gray mud
Teeth-like bedded bottom growth crystal ranging in size from ½ - 2
cm tall
• Mud beds range from 1 – 4 cm thick
• Sylvite veins in mud-rich sections
Missing core
Bedded gypsum
• Color: dark brown mud and translucent brown gypsum
• ½ cm tall bedded gypsum crystals
• Composition: 80% gypsum and 20% mud
Displacive halite
• Color: translucent brown halite and chocolate brown mud
• Composition: 50% mud, 30% halite, 20% sylvite veins
• Abundant sylvite veins!
Bedded gypsum
• Color: dark brown mud and translucent brown gypsum
• ½ cm tall bedded gypsum crystals
• Mud-rich areas contain displacive halite crystals
• Composition: 80% gypsum and 20% mud
Missing core
Displacive halite
• Color: gray and chocolate brown mud
• Displacive halite abundancy will vary from 20-80% of core
• Abundant sylvite veins
Bedded gypsum
• Color: dark brown mud and translucent brown gypsum
• ½ cm tall bedded gypsum crystals
• Composition: 80% gypsum and 20% mud
Displacive halite
• Color: gray and chocolate brown mud
• Displacive halite abundancy will vary from 20-80% of core
• Abundant sylvite veins
Missing core
Bedded gypsum
• Chocolate brown and gray mud and translucent brown gypsum
• Mud varies throughout the unit (5-85%)
• Muddier units are less than 5-7 cm thick
• Potentially some textures like bedded halite
• Bedded gypsum crystals vary from ½ - 2 cm tall
• Muddier units contain rare displacive halite crystals and sylvite veins
Displacive halite
• Chocolate brown mud and translucent brown halite
• Large (~3 cm2) displacive halite
• Massive mud
• Composition: 65% mud and 35% halite
• Diagenetic features: sylvite veins
Mudstone
• Color: chocolate brown
•
•

54
55

812.5 – 808.6
808.6 – 804.9

56

804.9 – 804.5

57

804.5 – 803.2

58
59

803.2 – 801.3
801.3 – 799.1

60

799.1 -796.5

61

796.5 – 795.9

62
63

795.9 – 794.1
794.1 – 790.9

64

790.9 – 790.3

65

790.3 – 789
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66

789 – 787.9

67

787.9 – 787.8

68

787.8 – 784.7

69

784.7 – 784.6

70

784.6 -781.3

71

781.3 – 780.5

72

780.5 – 780.2

• Relatively massive
• Rare displacive halite crystals (1-2 cm)
• Sylvite veins
Bedded gypsum
• Chocolate brown and gray mud and translucent brown gypsum
• Mud-rich units are less than 5-7 cm thick
• Potentially some textures like bedded halite
• Bedded gypsum crystals vary from ½ - 2 cm tall
• Muddier units contain rare displacive halite crystals and sylvite veins
Displacive halite
• Color: chocolate brown and gray mudstone and translucent brown
halite
• Small (1/4 cm2) sized halite crystals randomly oriented in mud
• Composition: mud 80% and halite 20%
• Diagenetic features: sylvite veins
• Sharp contact with lower boundary unit
Bedded gypsum
• Chocolate brown and gray mud and translucent brown gypsum
• Mud-rich units are less than 5-7 cm thick
• Potentially some textures like bedded halite
• Bedded gypsum crystals vary from ½ - 2 cm tall
• Muddier units contain rare displacive halite crystals and sylvite veins
Displacive halite
• Color: chocolate brown and gray mudstone and translucent brown
halite
• Small (1/4 cm2) sized halite crystals randomly oriented in mud
• Composition: mud 80% and halite 20%
• Diagenetic features: sylvite veins
• Sharp contact with lower boundary unit
Bedded gypsum
• Color: gray and chocolate brown mud and translucent brown gypsum
• Composition: mud 15% and gypsum 85%
• Small bedded gypsum crystals
• Mixture of displacive halite pattern
• Potentially some bedded halite texture
• Sylvite veins in muddier units
Displacive halite
• Color: chocolate brown and gray mudstone and translucent brown
halite
• Small (1/4 cm2) sized halite crystals randomly oriented in mud
• Composition: mud 80% and halite 20%
• Diagenetic features: sylvite veins
• Sharp contact with lower boundary unit
Bedded gypsum
• Color: gray and chocolate brown mud and translucent brown gypsum
• Composition: mud 15% and gypsum 85%
• Small bedded gypsum crystals
• Mixture of displacive halite pattern
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73

780.2 – 779.5

74

779.5 – 779.2

75

779.2 – 778.4

76

778.4 - 776

77

776 – 773.9

78

773.9 – 767.2

79

767.2 – 766.9

• Potentially some bedded halite texture
• Sylvite veins in muddier units
Displacive halite
• Color: chocolate brown and gray mudstone and translucent brown
halite
• Small (1/4 cm2) sized halite crystals randomly oriented in mud
• Composition: mud 80% and halite 20%
• Diagenetic features: sylvite veins
• Sharp contact with lower boundary unit
Bedded gypsum
• Color: gray and chocolate brown mud and translucent brown gypsum
• Composition: mud 15% and gypsum 85%
• Small bedded gypsum crystals
• Mixture of displacive halite pattern
• Potentially some bedded halite texture
• Sylvite veins in muddier units
Displacive halite
• Color: chocolate brown and gray mudstone and translucent brown
halite
• Small (1/4 cm2) sized halite crystals randomly oriented in mud
• Composition: mud 80% and halite 20%
• Diagenetic features: sylvite veins
• Sharp contact with lower boundary unit
Bedded gypsum
• Color: gray and chocolate brown mud and translucent brown gypsum
• Composition: mud 15% and gypsum 85%
• Small bedded gypsum crystals
• Mixture of displacive halite pattern
• Potentially some bedded halite texture
• Sylvite veins in muddier units
Displacive halite
• Color: chocolate brown and gray mudstone and translucent brown
halite
• Small (1/4 cm2) sized halite crystals randomly oriented in mud
• Composition: mud 80% and halite 20%
• Diagenetic features: sylvite veins
• Sharp contact with lower boundary unit
Bedded gypsum
• Color: gray and chocolate brown mud and translucent brown gypsum
• Composition: mud 15% and gypsum 85%
• Small bedded gypsum crystals
• Abundant bedded halite texture in top of unit
• Mixture of displacive halite pattern
• Potentially some bedded halite texture
• Sylvite veins in muddier units
Displacive halite
• Color: chocolate brown and gray mudstone and translucent brown
halite
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80
81

766.9 – 763.2
763.2 – 763

82

763 – 762.8

83

762.8 – 757.8

84
85

757.8 – 754.5
754.5 – 752.1

86

752.1 – 751.7

87

751.7 – 750.4

88

750.4 – 749.9

89

749.9 – 749.3

• Small (1/4 cm2) sized halite crystals randomly oriented in mud
• Composition: mud 80% and halite 20%
• Diagenetic features: sylvite veins
• Sharp contact with lower boundary unit
Missing core
Bedded gypsum
• Color: gray and chocolate brown mud and translucent brown gypsum
• Composition: mud 15% and gypsum 85%
• Small bedded gypsum crystals
• Abundant bedded halite texture in top of unit
• Mixture of displacive halite pattern
• Potentially some bedded halite texture
• Sylvite veins in muddier units
Displacive halite
• Color: chocolate brown and gray mudstone and translucent brown
halite
• Small (1/4 cm2) sized halite crystals randomly oriented in mud
• Composition: mud 80% and halite 20%
• Diagenetic features: sylvite veins
Bedded gypsum
• Color: dark chocolate brown mud and translucent dark brown
gypsum
• Dominated by teeth-like bedded gypsum crystals
• Bedded gypsum texture that is overprinted by displacive halite
• Bedded halite texture at top of unit
Missing core
Bedded gypsum
• Color: dark chocolate brown mud and translucent dark brown
gypsum
• Dominated by teeth-like bedded gypsum crystals
• Bedded gypsum texture that is overprinted by displacive halite
Displacive halite
• Color: chocolate brown and gray mudstone and translucent brown
halite
• Small (1/4 cm2) sized halite crystals randomly oriented in mud
• Composition: mud 80% and halite 20%
• Diagenetic features: sylvite veins
Bedded gypsum
• Color: dark chocolate brown mud and translucent dark brown
gypsum
• Dominated by teeth-like bedded gypsum crystals
• Bedded gypsum texture that is overprinted by displacive halite
Displacive halite
• Chocolate brown and gray mud and translucent brown halite
• 1 cm2 displacive halite crystals
• Potentially bedded gypsum textures
• Sylvite veins cross cut mud-rich sections
Bedded gypsum

154

Color: dark chocolate brown mud and translucent dark brown
gypsum
• Dominated by teeth-like bedded gypsum crystals
• Bedded gypsum texture that is overprinted by displacive halite
• More bedded halite as you move up section
Displacive halite
• Chocolate brown and gray mud and translucent brown halite
• 1 cm2 displacive halite crystals
• Potentially bedded gypsum textures
• Sylvite veins cross cut mud-rich sections
Bedded gypsum
• Color: dark chocolate brown mud and translucent dark brown
gypsum
• Dominated by teeth-like bedded gypsum crystals
• Bedded gypsum texture that is overprinted by displacive halite
Displacive halite
• Color: chocolate brown and gray mud and translucent brown halite
• 1 cm2 displacive halite crystals
• Potentially bedded gypsum textures
• Sylvite veins cross cut mud-rich sections
Bedded gypsum
• Color: dark chocolate brown mud and translucent dark brown
gypsum
• Dominated by teeth-like bedded gypsum crystals
• Bedded gypsum texture that is overprinted by displacive halite
Missing core
Bedded gypsum
• Color: translucent brown gypsum and slightly orange/brown mud
• Small teeth-lake bedded gypsum crystals
• Slight bedded halite texture
• Sharp contact with upper boundary unit
Displacive halite
• Color: chocolate brown and gray mud and translucent brown halite
• ½ - 2 cm2 cubic halite crystals
• Rare ½ - 1 cm thick beds of gypsum
• Sylvite veins
• Sharp contact with boundary units
Bedded gypsum
• Color: translucent brown gypsum and slightly orange/brown mud
• Small teeth-lake bedded gypsum crystals
• Slight bedded halite texture
• Sharp contact with boundary units
Displacive halite
• Color: chocolate brown and gray mud and translucent brown halite
• ½ - 2 cm2 cubic halite crystals
• Rare ½ - 1 cm thick beds of gypsum
• Sylvite veins
• Sharp contact with boundary units
•

90

749.3 – 748.8

91

748.8 – 748.1

92

748.1 – 747.6

93

747.6 – 745.5

94
95

745.5 – 741.8
741.8 – 741

96

741 - 740.4

97

740.4 – 739.6

98

739.6 – 739.4
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99

739.4 – 738.6

100

738.6 – 738.4

101

738.4 – 736.3

102

736.3 – 735.8

103

735.8 - 735

104

735 – 734.8

105

734.8 – 732.7

106

732.7 – 732.4

Bedded gypsum
• Color: translucent brown gypsum and slightly orange/brown mud
• Small teeth-lake bedded gypsum crystals
• Slight bedded halite texture
• Sharp contact with boundary units
Displacive halite
• Color: chocolate brown and gray mud and translucent brown halite
• ½ - 2 cm2 cubic halite crystals
• Rare ½ - 1 cm thick beds of gypsum
• Sylvite veins
• Sharp contact with boundary units
Bedded gypsum
• Color: translucent brown gypsum and slightly orange/brown mud
• Small teeth-lake bedded gypsum crystals
• Slight bedded halite texture
• Sharp contact with boundary units
Displacive halite
• Color: chocolate brown and gray mud and translucent brown halite
• ½ - 2 cm2 cubic halite crystals
• Rare ½ - 1 cm thick beds of gypsum
• Sylvite veins
• Kaolinite precipitates on saw blade
• Sharp contact with boundary units
Bedded gypsum
• Color: translucent reddish/orange gypsum and reddish/orange mud
• Small teeth-lake bedded gypsum crystals
• Slight bedded halite texture
• High mud content
• Sharp contact with boundary units
Displacive halite
• Color: chocolate brown and gray mud and translucent brown halite
• ½ - 2 cm2 cubic halite crystals
• Rare ½ - 1 cm thick beds of gypsum
• Sylvite veins
• Kaolinite precipitates on saw blade
• Sharp contact with boundary units
Bedded gypsum
• Color: translucent reddish/orange gypsum and reddish/orange mud
• Small teeth-lake bedded gypsum crystals
• Slight bedded halite texture
• High mud content
• Some concentrated area of bright orange sylvite
• Sharp contact with boundary units
Displacive halite
• Color: chocolate brown and gray mud and translucent brown halite
• ½ - 2 cm2 cubic halite crystals
• Rare ½ - 1 cm thick beds of gypsum
• Sylvite veins
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107

732.4 – 731.8

108

731.8 – 731

109

731 – 727.6

110

727.6 – 727.4

111

727.4 – 724.7

112

724.7 – 724.4

113

724.4 – 723.3

114
115

723.3 – 717.7
717.7 – 716.2

116

716.2 - 716

• Kaolinite precipitates on saw blade
• Sharp contact with boundary units
Bedded gypsum
• Color: chocolate brown mud and translucent brown gypsum
• Composition: 10% mud and 90% gypsum
• Gypsum beds vary in size from ½ - 1 cm tall
• 2 cm tall interbedded unit of bedded halite
Displacive halite
• Color: chocolate brown and gray mud and translucent brown halite
• Small displacive halite crystals (~1/4 cm3)
• Interbedded with small (~1 cm tall) beds of gypsum
• Sylvite veins
• Sharp contact with boundary units
Bedded gypsum
• Color: chocolate brown mud and translucent brown gypsum
• Composition: 10% mud and 90% gypsum
• Gypsum beds vary in size from ½ - 1 cm tall
• 2 cm tall interbedded unit of bedded halite
Displacive halite
• Color: chocolate brown and gray mud and translucent brown halite
• Small displacive halite crystals (~1/4 cm3)
• Interbedded with small (~1 cm tall) beds of gypsum
• Sylvite veins
• Sharp contact with boundary units
Bedded gypsum
• Color: reddish-chocolate brown mud and translucent brown gypsum
• Gypsum beds vary in size from ½ - 1 cm tall
• Irregularly shaped bright red clast of mud (~2 cm wide) suspended
throughout ~6 cm of unit
Displacive halite
• Color: chocolate brown and gray mud and translucent brown halite
• Small displacive halite crystals (~1/4 cm3)
• Interbedded with small (~1 cm tall) beds of gypsum
• Sylvite veins
• Sharp contact with boundary units
Bedded gypsum
• Color: reddish-chocolate brown mud and translucent brown gypsum
• Gypsum beds vary in size from ½ - 1 cm tall
• Irregularly shaped bright red clast of mud (~2 cm wide) suspended
throughout unit
Missing core
Bedded gypsum
• Color: chocolate brown and gray mud and translucent brown gypsum
• Small, teeth-like gypsum with mud clasts suspended throughout unit
• Composition: 80% gypsum and 20% mud
• Diagenetic features: large area of dissolution and recrystallization of
halite (~10 cm)
Displacive halite
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117

716 – 714.7

118

714.7 – 713.9

119

713.9 – 705.9

120

705.9 – 704

121

704 – 701.5

122
123

701.5 – 699.9
699.9 – 698.4

124

698.4 – 698

125

698 – 696.7

• Color: chocolate brown and gray mud and translucent brown halite
• Small displacive halite crystals (~1/4 cm3)
• Interbedded with small (~1 cm tall) beds of gypsum
• Sylvite veins
• Sharp contact with boundary units
Bedded gypsum
• Color: chocolate brown and gray mud and translucent brown gypsum
• Small, teeth-like gypsum with mud clasts suspended throughout unit
• Composition: 80% gypsum and 20% mud
• Diagenetic features: potential dissolution
Displacive halite
• Color: chocolate brown and gray mud and translucent brown halite
• Small displacive halite crystals (~1/4 cm3)
• Interbedded with small (~1 cm tall) beds of gypsum
• Sylvite veins
• Sharp contact with boundary units
Mudstone
• Color: chocolate brown
• Well-sorted clay-sized grains
• Massive
• Diagenetic features: halite cement, reduction spots, sylvite veins,
gypsum efflorescence
Displacive halite
• Color: chocolate brown and gray mud and translucent brown halite
• Small displacive halite crystals (~1/4 cm3)
• Interbedded with small (~1 cm tall) beds of gypsum
• Sylvite veins
• Sharp contact with boundary units
Mudstone
• Color: chocolate brown
• Well-sorted clay-sized grains
• Massive
• Diagenetic features: halite cement, reduction spots, sylvite veins,
gypsum efflorescence
Missing core
Mudstone
• Color: chocolate brown
• Well-sorted clay-sized grains
• Massive
• Diagenetic features: halite cement, reduction spots, sylvite veins,
gypsum efflorescence
Displacive halite
• Color: chocolate brown mud and translucent brown halite
• Large displacive halite crystals
• Clay-dominated mud that’s well sorted
• Sylvite veins
Mudstone
• Color: chocolate brown
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Well-sorted clay-sized grains
Massive
Diagenetic features: halite cement, reduction spots, sylvite veins,
gypsum efflorescence
Displacive halite
• Color: chocolate brown mud and translucent brown halite
• Large displacive halite crystals
• Clay-dominated mud that’s well sorted
• Sylvite veins
Mudstone
• Color: chocolate brown
• Well-sorted clay-sized grains
• Massive
• Diagenetic features: halite cement, reduction spots, sylvite veins,
gypsum efflorescence
Missing core
Bedded halite
• Color: translucent white/brown halite and tan/brown and blue/gray
mud
• Composition: 35% mud and 65% halite
• Large beds (3 cm) of bedded halite with mud drapes defining beds
Undifferentiated evaporites
• Color: translucent white/brown halite and tan/brown and blue/gray
mud
• Bedded halite and bedded gypsum textures present but overprinted
by displacive halite textures
Missing core
Undifferentiated evaporites
• Color: translucent white/brown halite and tan/brown and blue/gray
mud
• Bedded halite and bedded gypsum textures present but overprinted
by displacive halite textures
Bedded halite
• Color: translucent white/brown halite and tan/brown and blue/gray
mud
• Composition: 35% mud and 65% halite
• Large beds (3 cm) of bedded halite with mud drapes defining beds
Undifferentiated evaporites
• Color: translucent white/brown halite and tan/brown and blue/gray
mud
• Bedded halite and bedded gypsum textures present but overprinted
by displacive halite textures
Bedded halite
• Color: translucent white/brown halite and tan/brown and blue/gray
mud
• Composition: 35% mud and 65% halite
• Large beds (3 cm) of bedded halite with mud drapes defining beds
Undifferentiated evaporites

•
•
•
126

696.7 – 696.2

127

696.2 – 694.5

128
129

694.5 – 692.7
692.7 – 687.4

130

687.4 – 685.5

131
132

685.5 – 679.8
679.8 – 677.7

133

677.7 - 676

134

676 – 675.8

135

675.8 – 674.8

136

674.8 – 674.7
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Color: translucent white/brown halite and tan/brown and blue/gray
mud
• Bedded halite and bedded gypsum textures present but overprinted
by displacive halite textures
Bedded halite
• Color: translucent white/brown halite and tan/brown and blue/gray
mud
• Composition: 35% mud and 65% halite
• Large beds (3 cm) of bedded halite with mud drapes defining beds
Undifferentiated evaporites
• Color: translucent white/brown halite and tan/brown and blue/gray
mud
• Bedded halite and bedded gypsum textures present but overprinted
by displacive halite textures
Displacive halite
• Color: chocolate brown mud and translucent brown halite
• Large (~5 cm3) displacive halite crystals randomly oriented in claysized, well-sorted mud
Bedded halite
• Color: translucent white/brown halite and tan/brown and blue/gray
mud
• Composition: 35% mud and 65% halite
• Large beds (3 cm) of bedded halite with mud drapes defining beds
Undifferentiated evaporites
• Color: translucent white/brown halite and tan/brown and blue/gray
mud
• Bedded halite and bedded gypsum textures present but overprinted
by displacive halite textures
Bedded halite
• Color: translucent white/brown halite and tan/brown and blue/gray
mud
• Composition: 35% mud and 65% halite
• Large beds (3 cm) of bedded halite with mud drapes defining beds
Displacive halite
• Color: chocolate brown mud and translucent brown halite
• Large (~5 cm3) displacive halite crystals randomly oriented in claysized, well-sorted mud
Bedded halite
• Color: translucent white/brown halite and tan/brown and blue/gray
mud
• Composition: 35% mud and 65% halite
• Large beds (3 cm) of bedded halite with mud drapes defining beds
Displacive halite
• Color: chocolate brown mud and translucent brown halite
• Large (~5 cm3) displacive halite crystals randomly oriented in claysized, well-sorted mud
Bedded halite
• Color: translucent white/brown halite and tan/brown and blue/gray
mud

•

137

674.7 – 674.2

138

674.2 – 672.8

139

672.8 – 672.4

140

672.4 -671

141

671 – 670.1

142

670.1 – 668.1

143

668.1 – 667.3

144

667.3 – 666.9

145

666.9 – 665.9

146

665.9 – 665.3
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147

665.3 - 663

148

663 – 661.1

149

661.1 – 660

150

660 – 658.5

151

658.5 – 658.3

152
153

658.3 – 656.5
656.5 - 652

154

652 – 650.8

155

650.8 – 648.8

156

648.8 – 648.5

157

648.5 – 647.5

• Composition: 35% mud and 65% halite
• Large beds (3 cm) of bedded halite with mud drapes defining beds
Displacive halite
• Color: chocolate brown mud and translucent brown halite
• Large (~5 cm3) displacive halite crystals randomly oriented in claysized, well-sorted mud
Mudstone
• Color: chocolate brown
• Well-sorted, clay-dominated
• Massive
• Rare (1-2 crystals) displacive halite
Displacive halite
• Color: gray mud and translucent brown halite
• Composition: 50% halite and 50% mud
• Suspended halite crystals in well-sorted mud
Undifferentiated evaporites
• Translucent brown halite and gray mud
• Bedded halite texture overprinted by displacive halite
Mudstone
• Color: chocolate brown and gray/blue mud
• Clay- and silt-sized grains
• Breaks apart in ped-like shapes
• Diagenetic features: halite cement reduction spots, and sylvite veins
• Sharp contact with lower boundary unit
Missing core
Mudstone
• Color: chocolate brown and gray/blue mud
• Clay- and silt-sized grains
• Breaks apart in ped-like shapes
• Diagenetic features: halite cement reduction spots, and sylvite veins
• Sharp contact with lower boundary unit
Displacive halite
• Color: gray mud and translucent brown halite
• Composition: 50% halite and 50% mud
• Suspended halite crystals in well-sorted mud
Mudstone
• Color: chocolate brown
• Dominated by clay- and silt-sized grains
• Massive
• Diagenetic features: halite cemented and large sylvite veins
• Sharp contact with lower boundary units
Mudstone
• Color: reddish chocolate brown
• Dominated by clay- and silt-sized grains
• Ped-like structure to clumps
• Diagenetic features: halite cemented and sylvite veins
Displacive halite
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Color: gray with occasional brick red mud and translucent to gray
halite
• Composition: 40% mud and 60% halite
• Rare hint of bedded halite
• Displacive halite crystals are randomly oriented
• Dissolution textures
Bedded gypsum
• Color: chocolate brown mud and translucent brown halite
• Composition: 30% mud and 70% halite
• Teeth-like upward growth of bedded gypsum crystals
• ½ cm thick mud drapes associated with dissolution feature
• Dissolution pits
Displacive halite
• Color: gray with occasional brick red mud and translucent to gray
halite
• Composition: 40% mud and 60% halite
• Displacive halite crystals are randomly oriented
• Dissolution pits
Bedded gypsum
• Color: chocolate brown mud and translucent brown halite
• Composition: 30% mud and 70% halite
• Teeth-like upward growth of bedded gypsum crystals
• Slight overprint of displacive halite texture
• ½ cm thick mud drapes associated with dissolution feature
• Dissolution pits
Displacive halite
• Color: gray and chocolate brown mud and translucent to gray halite
• Composition: 40% mud and 60% halite
• Displacive halite crystals are randomly oriented
• Dissolution pits
Mudstone
• Color: chocolate brown and gray mud
• Clay- and silt-sized grains
• Ped-shaped crumbles
• Soil slickenslides
• Diagenetic features: halite cement and sylvite veins
Displacive halite
• Color: gray and chocolate brown mud and translucent to gray halite
• Composition: 40% mud and 60% halite
• Displacive halite crystals are randomly oriented
• Dissolution pits
Bedded gypsum
• Color: chocolate brown mud and translucent dark brown halite
• Teeth-like bedded gypsum crystals
Displacive halite
• Chocolate brown mud and translucent dark brown halite
• Suspended displacive halite crystals in mudstone
• Small sylvite veins
•
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647.5 – 644.6

159

644.6 – 644.4

160

644.4 – 638.9

161

638.9 – 638.6

162

638.6 – 637

163

637 – 636.4

164

636.4 – 635.1

165

635.1 – 634.6

162

166

634.6 – 632.8

167

632.8 – 632.2

168

632.3 – 631.9

169

631.9 - 631

170

631 – 629.8

171

629.8 – 629.1

172

629.1 – 626.3

173

626.3 – 623.3

174

623.3 – 620.7

175

620.7 – 620.2

176
177

620.2 – 618.4
618.4 – 616.9

Bedded gypsum
• Color: chocolate brown mud and translucent dark brown halite
• Teeth-like bedded gypsum crystals
Mudstone
• Chocolate brown in color
• Clay-sized well-sorted grains
• Massive
• Diagenetic features: halite cement, reduction spots, large sylvite
veins
• Sharp contact with boundary units
Bedded gypsum
• Color: chocolate brown mud and translucent dark brown halite
• Teeth-like bedded gypsum crystals
Mudstone
• Chocolate brown in color
• Clay-sized well-sorted grains
• Massive
• Diagenetic features: halite cement, reduction spots, large sylvite
veins
• Sharp contact with boundary units
Bedded gypsum
• Color: translucent dark brown halite and chocolate brown mud
• Composition: 30% mud and 70% halite
• Teeth-like crystals growing upward from bottom bed
• Overprinted with displacive halite crystals
Mudstone
• Color: chocolate brown and red mudstone
• Clay-sized grains
• Massive
• Diagenetic features: halite cement and sylvite veins
Displacive halite
• Color: gray and chocolate brown mud and translucent brown halite
• Composition: 40% mud and 60% halite
• Randomly-oriented halite crystals in mud
• Sylvite veins
Bedded halite
• Color: translucent light brown halite and chocolate brown mud
• Bottom-growth halite crystals composed of cornets and chevrons
Displacive halite
• Color: gray and chocolate brown mud and translucent brown halite
• Composition: 40% mud and 60% halite
• Randomly-oriented halite crystals in mud
• Sylvite veins
Bedded halite
• Color: translucent pink
• Bottom-growth halite
• Very clear  potentially dissolution?
Missing core
Displacive halite
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178

616.9 – 613

179
180

613 – 611.1
611.1 – 610.1

181

610.1 – 608.4

182

608.4 – 607.1

183

607.1 – 602.8

184

602.8 – 602.6

185

602.6 – 601.5

186

601.5 – 600.2

187

600.2 – 592.1

• Grayish red mudstone and translucent reddish-brown halite
• Chaotically organized halite crystals in mud
• Potentially hints of bedded gypsum texture
• Dissolution pits
• Core is becoming redder as you move up section
Bedded gypsum
• Color: translucent brown halite and chocolate brown mudstone
• Small (1/4 cm) tall bedded gypsum crystals
• Mud lamina (~1 cm thick) throughout unit
• Diagenetic features: rare displacive halite crystals and sylvite veins
in muddier sections
Missing core
Bedded gypsum
• Color: translucent brown halite and chocolate brown mudstone
• Small (1/4 cm) tall bedded gypsum crystals
• Mud lamina (~1 cm thick) throughout unit
• Diagenetic features: rare displacive halite crystals and sylvite veins
in muddier sections
Displacive halite
• Color: chocolate brown mud and translucent brown halite
• Cubic displacive halite crystals suspended throughout mudstone
• Abundance of displacive halite crystals varies through unit
• Sylvite veins
Bedded gypsum
• Color: translucent brown halite and chocolate brown mudstone
• Small (1/4 cm) tall bedded gypsum crystals
• Mud lamina (~1 cm thick) throughout unit
• Diagenetic features: rare displacive halite crystals and sylvite veins
in muddier sections
Displacive halite
• Color: dark brown mud and translucent brown halite
• Randomly oriented halite crystals in mud
• Sylvite veins
Bedded gypsum
• Color: translucent brown halite and chocolate brown mudstone
• Small (1/4 cm) tall bedded gypsum crystals
• Mud lamina (~1 cm thick) throughout unit
• Diagenetic features: rare displacive halite crystals and sylvite veins
in muddier sections
Displacive halite
• Color: dark brown mud and translucent brown halite
• Randomly oriented halite crystals in mud
• Sylvite veins
Mudstone
• Color: chocolate brown mud
• Clay-sized well-sorted grains
• Massive
• Large sylvite veins
Bedded gypsum
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Color: translucent brown halite and chocolate brown mudstone
Small (1/4 cm) tall bedded gypsum crystals
Mud lamina (~1 cm thick) throughout unit
Diagenetic features: rare displacive halite crystals and sylvite veins
in muddier sections
Displacive halite
• Color: dark brown mud and translucent brown halite
• Randomly oriented halite crystals in mud
• Sylvite veins
Bedded gypsum
• Color: translucent brown halite and chocolate brown mudstone
• Small (1/4 cm) tall bedded gypsum crystals
• Mud lamina (~1 cm thick) throughout unit
• Diagenetic features: rare displacive halite crystals and sylvite veins
in muddier sections
Displacive halite
• Color: dark brown mud and translucent brown halite
• Randomly oriented halite crystals in mud
• Sylvite veins
Bedded halite
• Color: translucent pink
• Bottom-growth halite crystals
Displacive halite
• Color: dark brown mud and translucent brown halite
• Randomly oriented halite crystals in mud
• Sylvite veins
Bedded gypsum
• Color: translucent brown halite and chocolate brown mudstone
• Small (1/4 cm) tall bedded gypsum crystals
• Mud lamina (~1 cm thick) throughout unit
• Diagenetic features: rare displacive halite crystals and sylvite veins
in muddier sections
Bedded halite
• Color: translucent pink
• Perfectly clear/glass-like halite in some units
• Cloudier sections of halite as well
• Orange mud trapped within the halite
• Potential dissolution features
• Sharp contact with boundary units
Bedded gypsum
• Color: chocolate brown mud and translucent brown halite
• Small (~¼ cm) beds of teeth-like gypsum crystals
• Diagenetic features: dissolution pits and orange clasts
Bedded halite
• Color: translucent pink/orange
• Cloudy halite in beds with little to no mud present
• Rare beds of gypsum are present with much more mud
• Diagenetic features: orange clasts along fracture planes

•
•
•
•
188

592.1 - 591

189

591 – 590.6

190

590.6 – 589.9

191

589.9 – 589.6

192

589.6 – 589.1

193

589.1 – 588.5

194

588.5 – 588.2

195

588.2 – 585.5

196

585.5 – 585.3
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197

585.3 – 578.9

198

578.9 – 578.6

199

578.6 – 576.8

200

576.8 – 576.1

201

576.1 – 573.6

202

573.6 – 572.6

203

572.6 – 570.7

204

570.7 – 569.9

205

569.9 – 569.8

206

569.8 – 564.8

Displacive halite
• Color: chocolate brown mud and translucent dark gray gypsum
• Randomly organized large (1-2 cm) cubic halite crystals
• Large dissolution features
Bedded gypsum
• Color: chocolate brown mud and translucent brown halite
• Small (~¼ cm) beds of teeth-like gypsum crystals
• Rare displacive crystals in muddier units
• Diagenetic features: dissolution pits and sylvite veins
Displacive halite
• Color: chocolate brown mud and translucent dark gray gypsum
• Randomly organized large (1-2 cm) cubic halite crystals
• Large dissolution features
Mudstone
• Color: chocolate brown and gray mud
• Clay-sized grains that are well sorted
• Fairly massive
• Low integrity
• Diagenetic features: halite cement, reduction spots, and sylvite veins
Displacive halite
• Color: chocolate brown mud and translucent dark gray gypsum
• Randomly organized large (1-2 cm) cubic halite crystals
• Large dissolution features
Mudstone
• Color: chocolate brown and gray
• Clay-sized grains
• Poor integrity so difficult to see structures
• Diagenetic features: halite cement and rare displacive halite crystals
Bedded gypsum
• Color: translucent chocolate brown and gray halite and chocolate
brown and gray mud
• Composition: 40% mud and 60% halite
• Small bedded bottom-growth gypsum textures approximately ¼ cm
thick
• Diagenetic features: rare displacive halite crystals and sylvite veins
in mud-rich units
Displacive halite
• Color: chocolate brown mud and translucent dark gray gypsum
• Randomly organized large (1-2 cm) cubic halite crystals
• Large dissolution features
Mudstone
• Color: chocolate brown and gray mud
• Composition: 90% chocolate brown and 10% gray
• Clay-sized grains
• Massive
• Diagenetic features: sylvite veins and halite cemented
Displacive halite
• Color: translucent tan/brown halite and chocolate brown mud
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Composition: 80% halite and 20% mud
Randomly organized large (1-2 cm) cubic halite crystals
Diagenetic features: dissolution features and mud-rich areas contain
sylvite veins
Bedded gypsum
• Color: translucent chocolate brown and gray halite and chocolate
brown and gray mud
• Composition: 40% mud and 60% halite
• Small bedded bottom-growth gypsum textures approximately ¼ cm
thick
• Diagenetic features: rare displacive halite crystals and sylvite veins
in mud-rich units
• Gradual contact with upper boundary unit
Displacive halite
• Color: translucent tan/brown halite and chocolate brown mud
• Composition: 80% halite and 20% mud
• Randomly organized large (1-2 cm) cubic halite crystals
• Displacive halite crystals get small as you move up unit
• Diagenetic features: halite cement and sylvite veins
Mudstone
• Color: brick red to gray mud
• Wavy, discontinuous lamina
• Soft sediment deformation
• Diagenetic features: rare displacive halite rystals halite cement,
gypsum efflorescence
• Cores are no longer bagged for the rest of the unit
Mudstone
• Color: orangish-red and gray
• High integrity
• Silt-sized, well sorted grains, relatively massive
• Soil slickenslides
• Odd clasts of dark minerals  igneous material?
• Diagenetic features: textbook examples of reduction spots and halite
cement
• Note: halite cement decreases as you move up section
Mudstone
• Color: blue/green gray
• Wavy discontinuous lamina, soft sediment deformation, intraclasts,
climbing ripple cross-bedding
• Diagenetic features: gypsum efflorescent crusts, large gypsum (?)
nodules
Mudstone
• Color: orangish-red and gray
• High integrity
• Silt-sized, well sorted grains, relatively massive
• Soil slickenslides
• Odd clasts of dark minerals  igneous material?
• Diagenetic features: textbook examples of reduction spots and halite
cement

•
•
•
207

564.8 – 562.3

208

562.3 – 558.7

209

558.7 – 552.6

210

552.6 – 485.7

211

485.7 – 485.2

212

485.2 – 484.5
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213

484.5 – 484

214

484 – 482.8

215

482.8 – 482.6

216

482.6 - 482

217

482 – 481.5

218

481.5 – 479.8

219

479.8 – 475.7

220

475.7 – 475.4

Mudstone
• Color: blue/green gray
• Wavy discontinuous lamina, soft sediment deformation,
intraclasts, climbing ripple cross-bedding
• Diagenetic features: gypsum efflorescent crusts, large gypsum (?)
nodules
Mudstone
• Color: orangish-red and gray
• High integrity
• Silt-sized, well sorted grains, relatively massive
• Soil slickenslides
• Odd clasts of dark minerals  igneous material?
• Diagenetic features: reduction spots and halite cement
Mudstone
• Color: blue/green gray
• Wavy discontinuous lamina, soft sediment deformation, rip-up
clasts, climbing ripple cross-bedding
• Diagenetic features: gypsum efflorescent crusts, large gypsum (?)
nodules
Mudstone
• Color: brick red
• Wavy discontinuous lamina, soft sediment deformation, rip-up
clasts, climbing ripple cross-bedding
• Diagenetic features: gypsum efflorescent crusts, large gypsum (?)
nodules
Mudstone
• Color: orangish-red and gray
• High integrity
• Silt-sized, well sorted grains, relatively massive
• Soil slickenslides
• Odd clasts of dark minerals  igneous material?
• Diagenetic features: reduction spots and halite cement
Mudstone
• Color: brick red
• Wavy discontinuous lamina, soft sediment deformation, rip-up
clasts, climbing ripple cross-bedding
• Diagenetic features: gypsum efflorescent crusts, large gypsum (?)
nodules
Mudstone
• Color: orangish-red and gray
• High integrity
• Silt-sized, well sorted grains, relatively massive
• Soil slickenslides
• Odd clasts of dark minerals  igneous material?
• Diagenetic features: reduction spots and halite cement
Sandstone
• Color: white/gray
• Medium-sized sand grains
• Quartz dominated
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221

475.4 – 474.5

222

474.5 – 474.1

223

474.1 – 469.2

224

469.2 - 469

225

469 – 467.5

226

467.5 – 467.3

227

467.3 – 439.2

• Well sorted and well rounded
• Well-cemented
• Fairly massive
• Sharp contact with boundary units
Mudstone
• Color: brick red
• Wavy discontinuous lamina, soft sediment deformation,
intraclasts, climbing ripple cross-bedding
• Diagenetic features: gypsum efflorescent crusts, large gypsum (?)
nodules
Sandstone
• Color: white/gray
• Medium-sized sand grains
• Quartz dominated
• Well sorted and well rounded
• Well-cemented
• Fairly massive
• Sharp contact with boundary units
Mudstone
• Color: orangish-red and gray
• High integrity
• Silt-sized, well sorted grains, relatively massive
• Soil slickenslides
• Odd clasts of dark minerals  igneous material?
Sandstone
• Color: white/gray
• Medium-sized sand grains
• Quartz dominated
• Well sorted and well rounded
• Well-cemented
• Fairly massive
• Hints of cross beds
• Sharp contact with boundary units
Mudstone
• Color: brick red
• Wavy discontinuous lamina, soft sediment deformation, rip-up
clasts, climbing ripple cross-bedding
• Diagenetic features: gypsum efflorescent crusts, large gypsum (?)
nodules
Mudstone
• Color: gray
• Mudcracks, wavy discontinuous lamina, soft sediment deformation
• Diagenetic features: gypsum efflorescent crusts
Mudstone
• Color: brick red
• Wavy discontinuous lamina, soft sediment deformation, rip-up
clasts, climbing ripple cross-bedding
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Diagenetic features: gypsum efflorescent crusts, large gypsum (?)
nodules
Mudstone
• Color: blueish gray
• Wavy discontinuous lamina varying in shades of gray
• Diagenetic features: gypsum efflorescent crusts
Mudstone
• Color: brick red
• Wavy discontinuous lamina, soft sediment deformation,
intraclasts, climbing ripple cross-bedding
• Diagenetic features: gypsum efflorescent crusts, large gypsum (?)
nodules, large reduction spots
Mudstone
• Color: blueish gray
• Clay-sized well-sorted grains
• Massive
• Sharp contact with boundary units
Mudstone
• Color: brick red
• Wavy discontinuous lamina, soft sediment deformation, rip-up
clasts, climbing ripple cross-bedding
• Diagenetic features: gypsum efflorescent crusts, large gypsum (?)
nodules, large reduction spots
• Sharp contact with boundary units
Mudstone
• Color: blueish gray
• Clay-sized well-sorted grains
• Massive
• Sharp contact with boundary units
Mudstone
• Color: brick red
• Wavy discontinuous lamina, soft sediment deformation, rip-up
clasts, climbing ripple cross-bedding
• Diagenetic features: gypsum efflorescent crusts, large gypsum (?)
nodules, large reduction spots
• Sharp contact with boundary units
Mudstone
• Color: blueish gray
• Low integrity and cannot cut
• Clay-sized grains
• Soil slickenslides
• Large white veins of unknown mineralogy cross-cut samples
Mudstone
• Color: brick red
• Wavy discontinuous lamina, soft sediment deformation, rip-up
clasts, climbing ripple cross-bedding
• Diagenetic features: gypsum efflorescent crusts, large gypsum (?)
nodules, large reduction spots
• Sharp contact with boundary units
•
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439.2 – 439.1

229

439.1 – 428.3

230

428.3 – 427.7

231

427.7 – 427.2

232

427.2 – 426.8

233

426.8 – 412.9

234

412.9 – 412.3

235

412.3 – 411.9
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236

411.9 – 411.5

237

411.5 – 348.7

238

348.7 – 342

Mudstone
• Color: blueish gray
• Low integrity and cannot cut
• Clay-sized grains
• Soil slickenslides
• Large white veins of unknown mineralogy cross-cut samples
Mudstone
• Color: brick red
• Wavy discontinuous lamina, soft sediment deformation, rip-up
clasts, climbing ripple cross-bedding
• Diagenetic features: gypsum efflorescent crusts, large gypsum (?)
nodules, large reduction spots
• Sharp contact with boundary units
Mudstone
• Color: greenish gray
• Clay-sized well-sorted grains
• Massive
• Sharp contact with lower boundary unit
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22 0 0
0 0 0.9
0 0 0

2.7
1.9
3
1.4
4.9

TOTAL

1.8
1.7
2.9
1.4
2.5

Chlorite

1 0 0 17
0 1 0 13
0 1.5 0 26
0 0 1.6 2
0 1.5 0 28

Kaolinite

Illite & Mica

R1 M-L C/S (50%S)*

0
0
0
0
0

R1 M-L C/S (60%S)*

3.9
39.3
9.6
91.9
1.8
98.7
7.7
94.6
94.2

R0 M-L C/S (80%S)*
R1 M-L C/S (70%S)*

0
0
31
0.5
15
1.1
0
0.6
2.1

Halite

2 0
1 0
0 0
0 0
3 0
0 0
3 0
0 0
0 1.1

Anhydrite

Gypsum

38
0
2.5
0
15
0
11
0
0

Hematite

0
6
0
0
0
0
0
0
0

Dolomite

7.1 0.4
7.2 4.6
0 0
0 0
0 0
0 0
7.9 0
0 0
0 0

Fe Dolomite

Calcite

Carnduff-01, 459.4 m 15.3 10.5
Carnduff-01, 904.5 m 17.1 7.7
Carnduff-01, 868.9 m 23.9
0
Carnduff-01, 792.3 m 0.7
0
Carnduff-01, 704.3 m 24 4.8
Carnduff-01, 669.7 m 0.2
0
Carnduff-02, 425.2 m 12 2.7
Carnduff-02, 841.6 m 0.2
0
Carnduff-02, 906.1 m
0
0

Plagioclase

K-Feldspar

Quartz

Sample ID

Appendix 9: Mineralogy from bulk and detailed clay XRD of Mercia Mudstone Group

100
100
100
100
100
100
0 29 2 2.8 100
0 2 0.5 0.8 100
0 3 0 0 100

*Mixed-Layer Clay Minerals:
R0 M-L I/S (90%S) - R0 (Random) Ordered Mixed-Layer Illite/Smectite with 90% Smectite Layers
R0 M-L C/S (80%S) - R0 (Random) Ordered Mixed-Layer Chlorite/Smectite with 80% Smectite Layers
R1 M-L C/S (70%S) - R1 Ordered Mixed-Layer Chlorite/Smectite with 70% Smectite Layers
R1 M-L C/S (60%S) - R1 Ordered Mixed-Layer Chlorite/Smectite with 60% Smectite Layers
R1 M-L C/S (50%S) - R1 Ordered Mixed-Layer Chlorite/Smectite with 50% Smectite Layers
R1 M-L C/S (40%S) - R1 Ordered Mixed-Layer Chlorite/Smectite with 40% Smectite Layers
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